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ANIMAL MECHANISM: 

TEBRESTBIAL AND AERIAL LOCOMOTION. 



INTRODUCTION. 

LiTiso beings have been frequently and in every age 
ompared to uictchiacs, but it is only in the present day 
I tliat the bearing and the justice of this comparison are fully 
comprehensible. 

No doubt, the phyaiologists of old diecemed levers, pulleys, 
cordage, pumps, and valves in the animal organism, as in ihe 
machine. The working of all this machinery is called Animal 
Mtekanict in a great number of standard treatises. But these 
1 passive organs have need of a motor ; it is life, it was said, 
I which set all these mechanisms going, and it was believed 
that thus there waa authoritatively esbiblished an inviolable 
barrier between inanimate and animate machines. 

In our time it is at least necessary to seek another basis 
for such distinctions, because modem engineers have created 
machines which are much more legitimately to be compared 
to animated motors ; which, in fact, by means of a little com- 
bustihle matter which they consume, supply the force requisite 
to animate a series of organs, and to make them execute the 
tnoat various operations. 

The comparison of animals with machines is not only legiti- 
mate, it is also extremely useful from different pointa of view. 
It furnishes a valuable means of making the mechanical 
L phenomena whicli occur in living beings understood, by 
|'|ilaDing thera beside tho aimilor but less generally known 
jthenomeiiB, which ore evident in the action of ordinary 
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uiHi-liiuea. In the (joiirse uf tliis buok, ne shall 

borrow from pure nieelianic* the sjntliotical demonetrationa 

of the plienomeaa of animal life. The methamcian, 

turn, mny derive useful notions from the study of nntuie, 

which will often show him how the moat complicated problot 

may be solved with admirable einipticity. 

Animal mechanics ifl a wide field for exj>loratioii. 
every fuiiclion, bo to speak, a speciiU machinery is attachi 
The circulation of the blood, tlie respiration, Ac., may 
ought to be treated separately, so that we shall limit thti 
to the study of one single, essentially mechanical, funi 
locomotion in the various animals. 

It is easy to demonstrate the importance of such a siiKject ru 
locomotion, which, under its different forms, terrestrial, aquatic, 
and aerial, has constantly excited interest. Whether man has 
endeavoured to utilize to the utmost his own motive power, 
and that of the animals; whether he has sought to extend 
his domain, to open a way for himself in the seas, or to rise 
into the air, it is always frum nature that he boa drawn hia 
inspirations. We may hope that a deeper knowledge of tlie 
different modes of animal locomolion will be a point of 
departure for fresh investigations, whence fuitber progress 
will result. 

Every scientific research has a powerful attraction in itself; 
the hope of reaching the truth suffices to sustain those who 
pursue it, through all their efforts ; the contemplation of the 
laws of nature has been a great and noble source of enjoy- 
ment to those who have discovered them. But to humanily, 
science is only the means, progress is the aim. If we can 
show that a study may lead to some useful appUt-ation, we 
may induce many to pursue it, who would otherwise merely 
follow it from afar, with the interest of curiosity only. 
. Without pretending to recapitulate here ell that has been 
gained by the study of nature, we shall endeavour to sot 
forthivhat may be gained by studying it still further, ftnd 
with more care. 

Terrestrial locomotion, that of man, and of the great mam- 
mals, for instance, is very imperfectly understood as yet. If 
we knew under what conditions the maximum of speed, force. 
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or Iiibour which the living being can fiirni::h, may be ubtained, 
it would put an end to much dtscussiou, and a great deal of 
GODJectuFe, which is to be regretted. A generatioa of tnea 
would not be condemned to certain military exercises which 
will be hereafter rejected ae useless and ridiculous. One 
country would not crush its soldiers under an enormous 
load, while another considers that the best plan is to give 
ttiem nothing to carry. We should know exactly at wliat 
puce an animal does the best service, whether he be required 
for speed, or for drawing loads ; and we should kuow what 
are the conditions of draught best adapted to the utilization 
of the strength of animals. 

It is in this sense that progress is being made ; but if we 
complain with reason of its slonr advance, we must only 
blame our imperfect notion of the mechanism of locomotion. 
Let this study be p'jrfeoted, and then useful applications of it 
m ensue, 
has been manifestly inspired by nature in the con- 
■trnction of the machinery of navigation. If the hull of 
the ship is, as it has been justly described, formed on the 
model of the aquatic fowl, if the sail has been copied from the 
wing of the swau infiated by the wind, and the oar from its 
irebbed foot as it strikes the water, these are but a small part 
of nature's loans to art. More than two hundred years ago, 
Borelli, studying the stability and displacement of fish, traced 
the plan of a diving-ship constructed upon the same principle 

the formidable Moiiilori which made their appearance in 
the recent American war. 

In modem navigation the dynamic question still leaves 
•everal points in obscurity. What form should he given to a 
■hip ao as to secure its meeting with the least possible reaist- 
'i the water? What propeller should be chosen in 
order to utilize the force of the machine to the best advan- 
tage ? The most competent men in such matters avow that 
problems are too complex to admit of the con'"tions 
noBt favoTirable to the construction of ships being determined 
1>y calculation. Must we wait until empiricism, by dint of 
ruinous guesses, shall have taught us how a problem of 
irbich nature olTers ua such diverse solutions, should be 
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solved? Ingenious conetructors have alrettdy altempted 
imitate the natural propellers ; they have fitted up small boats 
with maobinery whiuh works like the tail of a fish, oeoillating 
with an alternate motion. And it has been found that this 
epparatuB, although still itnperfeat, already cunstitutes 
powerful propeller, which will perhaps be preferred bereafl«tf 
to all those which have hitherto been used. 

Aerial locomotioD has always excited the stroQg«at curiosi^ 
among mankind. How frequently has the question been 
raieed, whether man must always continue to envy the bird 
and the insect their wings ; whether he, too, may not one day 
travel through the air, ea he now sails across the ocean. 
Authorities in science have declared at different periods, 
the result of lengthy calculations, that this is a chimeriodtj 
dream, but how many inventions have we seen realised wbii 
have also been pronounced impossible. The truth is, that all 
intervention by matliematics ia premature, so long as the 
study of nature and experiment have not fumiehed the precise 
data wliich alone can serve as a sound storting point for 
calculations of this kind. 

We shall then attempt to analyse the rapid acts wliich 
produced in the flight of insects and of birds ; afterwards 
shall endeavour to imitate nature, and we shall see, □ 
more, that by seeking inspiration from her we have the 
best chance of solving the problems which she has solved. 

We may even now affirm, that in the mechanical actions of 
terrestrial, aquatio, and aerial locomotion, there is nothing 
which can escape the methods of analysis at our disposaJj 
Would it be impossible for us to reproduce a phenomenon 
which we understand ? We will not cony our scepticins 
■o for. 

It waa considered for a long time that chemistry, alii 
powerful when It was a question of decomposing orgai ' 
substances, woidd always remain incapable of reproducii 
them. What has become of this disheartening prediction ' 

We hope that the reader who follows the experiment 
researches detailed in this book will draw from them tl 
conviction, that many of the impossibilities of the present 
need only a little time and much effort to become realities. 
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CHAPTER I. 

FORCES AND 0R0AH3. 

Of foieM In tlie inargnDic kingdom and among or^aniged beingi— HiUn" 
i«<resli itself by its proiwrtiea— Wlieu matter aota, we canduda thaC 
forces exUt ~ Multiplicitj of foroea formei'l/ admittud ; tendonc; to 
their reduction to one force in tlie iBorjpiuic kingdom — Indcstnic- 
tibili^ of furoe ; iti trtkneforuiation& — Vital forces, their multiplicity 
■coordinj; to the BDclent phyuologista — SHvenil vital forces are 
ndiKod to physical forcei — Of laws in physics uid iu physioloKy — 
Geueral theory of jiiiysical forces. 

I We know matter only \iy its propertta, whlcli we oaiild not 
conceive of apart from matter. The word property does not 
answer to anything real : it is an artifice of language ; thus, the 
expressions, weight, Leat, hardness, colour, &v., attributed to 
TarioiiB bodies in nuture, mean that these bodies manifest 
tbemselTes to our senses by certain effects which have been 
jnnde known to us by daily experience. 

When matter 'acts, that is to say, when it changes its state, 
tliere occurs what we call a phenomenon, and by a new appli- 
cation of language we call tlie unknown cause which has 
produced this phenomenon, Force. A body which falls, a 
river which flows, a fire which warms us, the lighluiug wlilch 
flashes, two bodies which combine, &c., all thexe correspond to 
manifeatatious of forces which we caD gravity, mechanical 
ibroe, heat, electricity, light, chemical aiEuitiea, &c. 

In the first ages of scieuce the number of forces was almost 
iinfinitely multiplied. Each particular phenomenon was re- 
garded Bs the manifestation of a special force. But by degrees 
it waa recognised that divers manil'estations might result &om 
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a ring-Ie cause : and thenceforlli the number of forces 
were admitted diminished considerably. 

Weight aud attractiou were reduced to one and the same 
force liy Newton, who recognised, in the falling of the apple 
to the ground, and the retention of the star in ita orbit, the 

nn identical cause — universal gravitation. ■ 
reduced magnelism to a manifoDtution of electricity. 
and heat have long ajnce been reg-arded as manifestations of 
identieal force, an extremely rapid vibratory motion imparled 
to the ether. 

In our own time a grand conception has arisen, e 
to change the face of science. Ail the forces of nature ara 
reduced tu one only. Fotm may assume any appearance 
becomes, by turns, heat, mechanical work, electrici^, light; 
it gives rise to chemical combinations or decomposilii 
Occasionally, force seems to disappear, but it has only hidden 
itself; we can find it again in its entirety, aud melee it pass 
anew through the cj'cle of its transformations. 

Force, which is ioaeparable from matter, ia, like it, inde- 
structible, and to both the absolute principle, that in nature 
aotliing is created and nothing is destroyed, is applicable. 

Before we enter ujwa a detailed exjjosition of this great 
conception of the conservation of force and ita transformations 
in the inorganic world, let us see whether any analogous 
generalisation has been arrived at in the science of organised 
bodies. 

The living being, in its manifestations of seDsibiltty, intelli- 
gence, and spontaneity, shows itself to be so dtfl'erent from 
the inert and passive bodies of inorganic nature ; the genera- 
tion and the evolution of animals are so pecuUar to them- 
selves ! that the earliest observers traced an absolute boundary 
between the two kingdoms of nalnre. 

Particular forces were imagined, to which each of the _ 
normal phenomena of life was attributed, while othere, b" 
malignaut genii, presided over the production of the mal 
by which everything that has life may be attacked. 

The complexity of the phenomena of life hindered 
for a long time from discerning the link which united tbemJ 
and prevented their referring to one and the same ci 
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manifold effecte, and tlms reducing tha number of forces 
whicli had at firat been admitted. Mna ended bj teking 
the fictious of his imagination for realitiea. Little by little, 
the charm of the unintelligible exercising foaciuation over 
him, he at luet deuied that phyirical laws had any in- 
fluence upon living beings. This extravagant mysticism 
represented certain animals as capable of withdrawing them- 
selves from the influences of weight ; according to it, animal 
heat was of another essence than that of our hearths ; subtle 
and impalpable spirits circulated in the vessels and the nervea. 

Time has not even yet disposed of all these absurdities; 
but we can prove that the science of life tends at present 
to undergo a transformation as complete as that of the phy- 
sical sciences, whose development we have just sketched. 
Physiology, guided by experience, seeks and finds the physical 
Ibrces in a great number of vital phenomena ; every day sees 
an increase in the number of cases to which we can apply 
the ordinary laws of nature. That which escapes them 
remains for ue tiie unknown, but no longer the unknowable. 
Among the phenomena of life, those which are intelligible 
to us are precisely of the physical or mechanical order. 

In the living organism we shall find those manifestations 
of force which are called heat, mechanical action, electricity, 
light, chemical action; we shall see these forcee transforming 
themselves one into the other, but we must not hope to arrive 
immediately at the numerical determination of the laws which 
regulate the transformations of these forces. The animal 
organism does not lend itself to exact measurements, its com- 
plexly is too great for valuations, to which physicists attain 
with great difficulty by making use of the simplest machines. 

Each science, according to its degree of oomplexily, ia 
approaching more or less surely to the mathematical precision 
■.t which it must arrive sooner or later. A law is only the 
determination of numerical relations between different phe- 
nomena; there is then no perfect physiologioal law. In the 
phenomena of life it is scarcely possible to determine and to 
foresee anything except the manner in which the variation will 
be produced. Hitherto, the physiologist has reached only that 
d^ree of knowledge which the astronomer would possess, vho 




, for instance, tbat the attraction between two IieaTC 
bodies diminishes when their diBtance increases, but who hod 
not yet determined the law of inverae proportionalitj to the 
square of distances. Or, he is like the physicist who hae proved 
that compressed gases diminish in Tolumo, but who has not 
found the numerical relation between their rolume and t' 

)r, there are numerical relutiou 
between the phenomena of life ; and we shall arrive at the 
discovery of them more or loss speedily, according to the 
exactitude of the methods ^f investigation to which we have 
recourse. 

If physicists had limited themselves to establishing that 
bodies dilate as they become heated, and if Ihey had not 
sought to measure the temperature of those bodies and the 
volume which they assume with each variation of the temper- 
ature, thoy would have had only an imperfect idea of the 
phenomena of the dilatation of bodies by heat. For a long 
time physiologists confined themselves to pointing out thiU 
Huch or such an iafluence augments or diminishes the force 
the muscles, causes the rapidity of their motions to vaijij 
increases or diminishes sensibility and motive power. Scienofl^ 
in our time, has become more exacting, and already the 
rigorous determination of the intensity and duration of certain 
acts, of the form of different movements, of the relations of 
succession between two or several phenomena, the precise 
estimation of the rapidity of the blood, or of the transference 
of the sensitive or motive nervous agent; all these exact 
measures introduced into physiology, lead us to hope that 
from more scrupulous measurement better formulated laws 
irill soon result. 

In the comparison which we are about to make between 
the physical forces and those which animate the animal 
oi^anism, we shall take it for granted that the fundamental 
notions recently introduced into science, and by which all those 
forces tend to reduce themselves to one only, that which 
engenders motion, are known; and shall, therefore, confine 
ourselves to a rapid sketch of the new tbeory. 

Tlie viiluc of a theory depends on the number of the facts 
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which it embraces ; that of the unity of the physical forces 
teiide to absorb them all. From the iuvieible atom to the celes- 
tial body lost in space, everything is subject to motion. Every- 
thing gravitates in an immense or in an infinitely little orbit. 
Kept at a detinite distance one from the other, in proportion 
to the motion which animates them, the molecules present 
constant relations, which they lose only by the addition or the 
subtraction of a certain quantity of motion. In general, 
increase of motion enlarges the orbit of the molecules, and 
widening their distance from each other, increases the volume 
of the bodies. By this rule, heat is proved to be a 
source of motion. Under its influence the molecules, beoom- 
ing more and more separated, cause bodies to pass from 
solid to liquid, and then to a gaseous state. Those 
gases become indefinitely dilated by the addition of fresh 
quantities of heat. But that force which lends extreme 
rapidity to tiie motion of the molecules, that force which is 
admitted in theory is rendered tangible by exi)eriment ; its 
intensity is measured by opposing to the dilatation of a body 
on obstacle which it will have to surmount. Thus it is that 
the molecules of gases or vapours imprisoned in the cylinder 
of machines, communicate to the partitions and to the piston 
the pressure which is employed in producing action by 
machineTy. Tiiis mechanical action is. in its turn, trans- 
formed into heat if the uonditions of the experiment be re- 
versed ; if, for example, an external force, thrusting back 
the piston of an air-pump, restrains the molecular motions by 
violent compression. 

The new theory has thrown light upon certain hypotheses, 
those, among others, which claimed admission for the latent 
heat of fusion, or of vaporisation of bodies, the latent heat of 
dilatation of gases. It has suppressed others ; for instance, 
the discovery of atmospheric pressure has banished the 
hypothesis which has now become ridiculous, that nature 
abhors a vacuum. 

Although the theory accommodates itself with leas ease to 
the interpretations of luminous and electric phenomena, it 
admits, according to the great analogy between these phe- 
. and heat, of supposing that they themselves are on'y 
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manif^tationa of motion. Besides, the trauBformation i 
motion into heat, into electricity, into light, maybe 
experimentally. 

Fig. 1 represents the details of the experiment. 




Various instruments are so arranged upon a table that a 
electric current, engendered by a battery P, may be made to 
pass, through them,* The current is conducted in an elliptio 
circuit, on a small square board, represented in the centre ot 
the figure. This circuit is formed of a thick copper i 
at certain points this wire is interrupted tmd dipped inl 
cups of mercurj', from which other wires communicate wifll 
the various apparatus through wliich the current is to be ci 
ducted. In Fig. 1, the metallic bridges 1, 2, 3, 4, 5, com 
the cups of mercury, and form a complete circuit, which tl 
current may traverse without pacing through the varion 
apparatus placed around it. 

If we take away loop No. 1 , the current which pee 
through that loop is forced to traverse the elliptical circoit J 
without passing through the surrounding apparatus. Butif ir 

' iQBtead of the single aluiiiBnt rDproaentinl in the Figure, it is neo 
to employ a. nfdei of Bonaeii's cells, to renliw tlie experiiDBnts perfectly. 
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ftfterwarils remove loop No, 2, the current must traverse the 
apparttluB M. whick is an electro- magiietio iiiolor. This appa- 
ratus will begin to move and will produce meclianii'al actiuu. 

Let us at the same time remove loop No. 3, the current 
muBt also traTcrso a registering thermometer. [That 
instrument is constructed as follows. It is a sort of Itei 
thermometer, formed of a spiral of platinum, which the cuit< 
traverses, and which is conducted into a flask full of b 
Uniier the influecce of the heating of the spiral by the current 
which traverses it, the air in the buttle dUates, and passes, 
through a long tube, into the registering apparatus. The 
L;.tler is composed of a drum of metal, closed on the upper 
ude bj a uembrane of india-rubber. When the air pene- 
b-ates into the drum, the membrane swells, and lifts up a 
registering lever, which traces on a turning cylinder E, a curve 
whose elevations and depressions correspond with the rise and 
iail of the temperature.] 

By removing loop No. 4, we force the current to traverse 
an apparatus L, with cai'bon points, in which electricity 
givea birth to the bright light with which every one b 
arajnatnted. When it passes through the voltameter V, the 
current produces decomposition of the water. The intensity 
of the curreni is measured by the quantity of water decom- 
posed, i.e., by the volumes of hydrogen and oxygen which 
are disengaged. 

We see, in the first place, by menns of this apporstus, 
that electricity can become successively mechanical work in tjie 
motor M, heat in the spira! of the thermometer T, light 
between the carbon points L, and chemical action in the 
voltameter V. 

But we also recognise that the electricity which undei^es 
one of those metamorphoses is taken away from the curreut 
whose energy is thus diminished. If, for esaniplo, we make 
the motor M work, we shall see that the register marks a 
diminution of heat in the thermometer. If we stop the 
electro -magnetic motor witli the hand, an increase in the 
temperature becomes immediately apparent ; the registered 
curve rises. 

When the electro-mognetio motor is working, we see the 
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intennty of the light diminUli. and the decotn position i 
the water in the voltameter grow less. All these phenomena 
resume their pristine energy as aoon aa we suppress tlie 
production of meehanical action. 

During tills time, al! the force expended in these various 
forms of apparatus is disengiiged from the battery under the 
influence of a chemical action : tlie transformation of a certain 
quantity of zinc into sulphate of ziuc. Thus, in the furnace 
of a steam engine, the eomhuBtion of the coal, that is to any, 
the oxidation n'hit^h transforms carbon into carbonic acid 
disengages heat, which is afterwards converted into work. 

But this force, disengaged from bodies, was contained in 
them when the zinc was in the condition of metal, and the 
oarboD in the state of coal ; these bodies had employed in 
their formation the same quantity of force which they 
have yielded up in passing into another condition. Thus it 
would he necessary to restore to the sulphate of zinc and to 
the carbonic acid as much electricity or heat as they have 
thrown out, in order to reproduce the metallic zinc or the 
carbon in a pure state. 

According to the modem theory, force which manifests 
itself at a given moment is not created, but only rendered 
sensible, from being latent. 

Here in tension is that potential force, which, stored up in 
a body, waits the opportunity to manifest itself. Thus a 
Mtretelud spring will at the end of au indeiiniw time give back 
the force which has been used to stretch it ; and a weight, 
lifted to a certain height, will restore, the instant it iuM», 
the work that ba« been employed upon raising it 
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CHAPTEK n. 

TRANSFORMATION OF PHYSICAL FORCES. 

Fo pTOTB the indcEtTDctibility of forcM, we mtiit know how to inwaiite 
Iheni — Units of heat and of miwlinnical work — Themw-dyiuiiiiicg — 
Measure of forcea in living beings — SDCccaaire pliwH of the tnuia- 
fonnntioii of Ixidiea ; auccessive tkiowiug olT of fores under this iofla- 
eno«— Tbenno-djnflmicB applied to living buinga. 

We have just seen that force, in the different states which 
it pre«enta, may be now lateut, or poteutial. or again in aotion, 
in the fonii of heat, electricity, or mecliaiiieal activity. 

To follow this force through all its different transformations, 
to establish that no portion of it is lost, a mcana of measuring 
it under all its forms is necessary. The chemist can prove 
the indestructibility of matter, by showing, with a balance, 
that a gramme of matter will preserve its weight through all 
tlie changes of condition that can be imposed upon it. Let 
that matter be weighed in the liquid state, in the solid state, 
or in the gaseous state, the weight of a gramme will always 
be found under the most various volumes and aspects, 

A measure is then necessary for the dillierent manifestationfl 
of force. Every quantity of heat, of electricity, or of mecbatii- 
cal work ought to be compared with a particular unit, as every 
weight ought to be compared witli the unit of weight. 

Unit of h*at. The sensations of heat and cold which w« 
experience at the contact of different bodies do not correspond 
with the quantity of heat which those bodies contain. Ther- 
mometricat apparatus are not in a condition to give us tbs 
measure of the quantities of heat, since different bodies, 
presenting to our senses and by the thermometer the same 
temperature, may yield very unequal quantities of heat. But, 
to warm the same weight of a body to the same number of 
degrees, the same quantity of heat will always bo necessary. 

Now, according to the agreement which has been come to 
in France and in many other countries, the unit of heat or 
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calorie is the quantity of heat necessary to raise a kilogTainiiM 
of water from zero to one degree centigrade. 

Unit of work. Mei^haaical force has been accurately do- 
fined only since the notion of 'work has been introduced into 
science. The unit of mectiauical work admitted in Frano* 
is the kUoijrammitre : that is to eay, the force necessary 
raise the unit of weight — the kilogramme — to the unit 
height, the metre. 

Electric force is measured by one of its efiects, the decern- 
position of water, for it is demonstrated that to decompose 
the same volume of water the same quantity of electricity will 
always be requisite. 

These measures of foroes in action furnish, in their tui 
the means of estimating the quautity of potential force 
tained in a body. Thus, it will be demonstrated that 
kilogramme of ooal, and in the quantity of oxygen necesaaiy 
to transform that coal into carbonic acid, there were intension 
7000 units of heat, sini'e by combining all the heat disen- 
gaged by combustion, a mass of water of 7000 kilogrammes 
^all have been heated. 

But ft substance which bums is not always complete^ 
oxidized ; hence, it does not put in action the totality of th* 
force which it contained in tension. A kilogramme of carbon, 
for example, may undergo only a first degree of oxidation, and 
thus becoming oxide of carbon it yields only 5000 units of 
beat. This oxide of carbon burning in its turn, and becoming 
carbonic acid, will then yield only the remaining 2000 units 
of heat. 

Transformation of pliysical forces takes place, as we have 
said, without any loss of the transformed force. To demon- 
strate this, it must be proved that a certain number of units 
of beat transformed into work, will furnish a constant number 
of kilogram metres, and inversely, that this work in becoming 
heat again, will restore the primitive number of units of hea&r 

The Bcienoe which explains the relations between heat 
mechanical work, and fixes the value of the meehanical equivaltttt , 
of heat i( ealUd thgrmo-di/narnici. Thia conception, which js- 
tlie complement of the theory of the transformation of foroe^ 
and which proves that in their transformation they 
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nothing of their value, is justly co&eidered the moet remarkable 
of modera times. 

Partly seen by Sndi-Camot, clearly formulated by R. Mayer, 
demoDBtrated brilliantly by the experiments of Joule, th6 
notion of the equivalence of forces is now admitted by all 
pbysiciats. Each day fumiahea a fresh confirmation of this 
doctrine, and leads to greater precision in the determination of 
the roeohamcal equivalent of heat. The value now generally 
admitted for that equivalent is 425, that is to say, that work 
equal to 425 kUogrammetree muat be transformed into heat 
to obtain a unit, and inversely, tliat the heat capable of heat- 
ing to one degree one kilogramme of water at zero, if it be 
b-ansformed into work, can, in its turn, lift a weight of 425 
kilogrammes one metre.* 

But one restriction must be placed upon the estimation 
of thenno-dynamio transformations. Cumot suspected, and 
ClauaiuB bad clearly established that in the case of heat being 
employed to produce work, the heat oannot transform itself 
altogether, and that the greater part remains still in the state 
of heat; while in the inverse operation the whole of the work 
applied to that effect mny be transformed into heat, Tiiis 
does not exclude the luw of equivalence, of which we have 
just spoken ; for if it be true that, in a steam engine for 
instance, there is only to be found under the form of work a 
small quantity, about 12° of the heat produced by the fur- 
nace, it is no less true that the quantity of heat which has 
disappeared furnishes in work the exaot number of Icilo- 
gramm^tres whi<:h corresponds to its mechanical equivalent. 

These notions hod no sooner been introduced into ecieuee 
than the physiologists endeavoured to use them for the 
clearing up of the obscure question of heat and work pro- 
duced by animals. The assimilation of living beings to 
thermal machines was already in the state of vague con- 
ception. We shall eee what light has been thrown upon it 
by the new theory. 

■ Some fliperitnriits made by KegDRult DO the npidity of aouad, mi 
BxpnmioQ of gB£iB, give ss the trae V]dne of the equivaleiit tha 
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We have said that forces are produced within the orgaDiflHU 
All living heingH give out heat and produce work. The 
diBengagement of these forces la caused by Hie chemical 
traae formation of food. 

In the living being it is possible to measure approximately 
the quantities of heat and work produced, and even to eatimaffl 
the quantity of force contained in food ; in order to do this 
it is sufficient to apply the methods which physiciBta ham 
employed in the estimation of inorganic forces. 

Thus, a man placed for some time in a bath will yield 
the water a certain number of units of heat, which may 
easily measured. Applied to the moving of a machine, tha 
force of a man or an animal will produce a number of kilo- 
grammotres no lc(is eiieily to be measured. If the aliment be 
Bubjecled to tlie experiments which determine the heating 
power of different combustibles, it will be found that each 
them contains a certain quantity of potential force. Favre 
Silbermann have supplied roost valuable information, at 
by great labour, on this point; and Frankland has oontinneS 
their investigation b. We now know the calorific power erf 
almost all the alimentary substances, it is, therefore, possible 
to calculate what free force their complete oxidation will yield 
either under the form of beat or under the form of work. 

But, as we have seen with respect to combustibles employed 
for industrial purposes, the oxidation is not always complete. 
Coal partially consumed, gives solid or gaseous residues, 
such as coke and oxide of carbon, which, being oxidized in 
a more complete manner, furnish a certain quantity of heat. 
In the same way, the residues of digestion still contain ntm- 
disengoged force. All these forces ought to be estimated 
we want to know how much of their foroe in tension has ' 
lost by the alimentary matters in passing through the organ! 
and how much ought consequently to be found again un( 
the form of force in action. The urinary secretion also 
nates incompletely transformed products ; the urea and 
uric acid contain force in tension, which ought to be 
into account in calculations. 

The watery vapour which saturates the air as it comes 
of the lungs removes &om the organism and carries away wit 
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it a certain quantity of heat ; the same thing takes place in the 
boiler of a strain -en glue, as well aa in cutaneous eraporatioa. 

This oompltcatioQ in tlie measute of force among organized 
beiui^B show a what diliiculties await those who are en- 
deavouring to verify the priooiplee of thermn- dynamics in 
animals ; yet, nevertheless, it would be illogical to admit with- 
out proof that, in living beings, the physical forces do not 
obey natural laws. Several xavanU, firmly oonvinced of the 
generality of the laws of thermo-(lynam.ic8, have attempted to 
demonstrate them upon the animal organism. 

i. Beclard was the first who endeavoured to prove that in 
the muscles of man heat may he substituted for mechanical 
work, and dim vend, for this purpose he exniniDed the 
thermometricol temi)eniture of two muscles, both of wliich 
oontracted, but one worked, that is to say, raisod weights, while , 
the other did not work. Itmight have been expected that less 
heat would have been fouod in the first muscle, because a 
portion of the heat produced during its contraction ought to 
have been transformed into work. 

The idea which governed Beclard's experiments was 
assuredly correct, but the means lit his disposal for ascer- > 
taiuing the heutiug of the muscles were altogether insulhctent. 
A thermometer was applied to the skin at the level of 
the muscle, in order to give the measure of the heat pro- 
duced; thus the varialious of temperature obtained by Beclard 
according as the musclo worked or not, were so slight that no 
leal value could be attached to them. 

Herdenheim obtained clearer results by operating upon 
frogs' muscles, which he made to contract with or without the 
production of work, ascertaining thetr temperature by means 
of thermo-electric apparatus. 

Him was holder in his experiments, for he sought to deter- 
mine the equivalent of mechanical work in animated motors. 

In order to make Ilirn's experiment comprehensible, let us 
consider the simpler case of a mechanician desiring to establish 
Uie thermal equivalent of the work of a steam engine, knowing 
how much fuel it has burned, what heat has been given out, 
and what quantity of work has been produced. 

Firat, he will estimate the heat which should oorrespOBd 
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with the combustion of the coal which he has bi:rned ; 
prove that the heat which he haa obtaioed is leas than t. 
which is made evident by the dieappearaace 
number of units; this disappearance he will attribute to t 
transforraation of heat into work. Now as he knows the ' 
number of kilogriim metres produced liy tlie machine, he will 
only have to divide this number by tlint of the units of heat 
which have disappeared, in order to find the number of 
Idlogrammetres equivalent to each of them. 

Him believed tiiat the oombualion effettad, the heat ^ 
out, and the mechajiicol work produced by a man could 1 
estimated at the same time. He enclosed the subject ii 
hermelically closed chamber, and mode him turn a wheel 
which could, at choice, revolve with or without doing work. 

The air of the chamber being analysed, showed what 
quantity of carbonic acid had been given out ; front thenott J 
were deduced the combustion produced and the number ( 
units.of heat to which that combustion ought to have con 
aponded. 

The heat given out in the chamber was ascertained by ti 
ordinary oalorimetric processes ; it was, in proportion to t' 
work produced, sensibly inferior to that which ought 
have been found according to the quantity of c'arbonio t 
exhaled. 

This disappearance of a certain number of units of h«i 
was explained by their transformation into mechanical work.' ^ 

From these experiments Him deduced a valuation of thVfl 
mechanical eqtiivalent of heat for animated motors ; but tlwl 
number which he obtained differed considerably from that , 
which has been established by physiciBts. This diiference la in 
no wise surprising when we think of all the causes of error 
which are united in such an experiment. There may have been 
an error concerning the quantity of carbonic acid exhaled ; an 
error concerning the nature of the chemical actions which 
diseng^ed this carbonic acid, and therefore respecting the 
quantity of heat which ought to have accompanied the disen- 
gagement j an error in the estimation of tlie heat diffused 
through tlie oalorimetric chamber ; finally, an error as to the 
quantity of mechanical work produced by the subjeot. 
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fact, while it a relatively eaay to estiraata the work of our 
inuscles wheu employed in lifting a. burden, there are other 
muacular actions which oouatitute an imiKirtant sum of work 
and wiiich we do not yet know how to viiliie with preciaion ; 
we allude to the inoyementB of the cirouhition, and especially 
to those produced by the breathing apparatus. 

Thff remnrks which we have made upon the greater number 
of the physiological exjierimeuts from which it lieu* been sought 
to establish numerical data, apply to that of liiro. But 
though it cannot furnish an exact determination, this ex- 
periment at least enables us to perceive the maimer in which 
the phenomena vary ; it shows tliat a curtain quantity of heat 
always disappears from the organism when external work 
ia produced. No greater preciaion could be obtained in the 
measure of thtinao-dyuumia transformation in the greater 
number of steam -engtnos. and yet nobody disputes that in 
these motors heat and work are eubstitutud for one a 
equivalent relatione. 
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ON ANIMAL HEAT. 



Oiifpn of animal heat— Lavuider's theoiy — The psrfectiug of thia theoiy 
— Esiimatei of tho forces contniuod ia nliuitiila, and ia tho Mcretad 
products— Difficiulty of thsse estimates— The fotca jieldo.! by aJi- 
meiiUry gu))stan>:es is trBtisronncd {urtly into heat mid pnrlly into 
work— Sekt of combastion in the orgnnum — Heating of the glaada 
aad TDascles during their Fuai;tioiis -Soat of calorificatiaa — laterren- 
tioD of the eauscB of coaling— Animal toni[wriLture— Autoiuatio regu- 
hltor of ■nimul teniponitarB. 

DCKiNQ a long period, animal heat was considered to be of 

ft peculiar kind, distinct &om that which is manifested in the 

I . inofganic kingdom ; this arose trom certain conditions under 

[ vhich the living tissues become hot or cold, without its 

being easy to discover how thia heat appears, or how it 

I disappears. It was almost natural to admit that heat is 




connected with influences of nervous origin, when 
seen tbat certain violent emotions produoe icy coldness m. 
human beiags, whereas othen bring into Uie countenanca 
sudden heat. Now all thes^ fectsliave found un explanation 
in wfaioh there is nothing to infringe the orilinarj laws of 
physics. In order to comprehend tlieni thoroughly we miufc. 
paw under our review the production of heat and its dis-j 
tribution throughout the various parts of the oi^aniam. 

It has long since been established that aliment is indis- 
pensable in the living being for the production of heat, as well 
as of muscular power. Inanition, at the same time that it 
reduces the strength of the animal, produces profound cold 
in it. We owe ta the genius of Lavoisier the oomparison 
of the living of^anism to a grate which bums or incesBantiy 
oxiditei substances taken &om without, by borrowing from 
the atmosphere the oxygen requisite for these tranaTormft* 
tions. This theory has triumphed over all the attacks whitftj 
have been made upon it, and their only result has been 
perfecting of its details. 

Let us reduce to its true proportions the comparison of 
liTJng organism with a burning grate. In both, an oxidal 
matter finds itself placed in relation with oxygen ; but while,' 
in a grate, the natural gas comes in contact with the com- 
bustible previously raised to an elevated temperature, in the 
organism the gas dissolved in the blood comes in contact with 
materials which are themselves dissolved in that liquid, or 
which have deeply entered into the tissue of the organs. 
Thus, the circulation transports into every part of the 
organism the elements which are necessary to Qie disengage- 
ment of force. These bodies remain in contact, without acting 
one upon the other, until the moment arrives when a specific 
action brings about their combination. This othce, analogoiis 
to that of the spark which kindles the Same, or to that of 
the cap which discharges gunpowder, belongs to the nervous 

When the oxidation is at an end, and the forces necessazy , 
to tlie functions have been set at liberty, there remain in th* 
tissues certain products which have become useless, and whidl 
may be compared to the ashes in the grate and to the gaan.'. 
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which go up tlie ohimney. These products must be elimi- 
nated AgaiD, the circulatioa uudortukee this iifRce ; the 
blood dissolves the oorboaic acid and the aalta which are the 
ultimate produtts of organic oxiJnlion, and then carriea 
them, in its perpetual course, to the eliminating orgtuu, the 
lungs and the glands. 

So long aa it remained unsuspected that heat and mechanical 
nork could be eubelituted for each other, an attempt waB 
made to account for all th» combustions which take place 
in the living organism, by estimating the quantity of heat 
discharged by an animal in a given time. Physicists and 
physiologists made great efforts to determine this illusory 
eqnolity between the theoretical heat, which corresponded 
with the combustions which take place in the orgiinism, and 
the quantity of heat furnished by the animal under experi- 

Just as a mnchine, when it is working, fumiahes less beat 
to the calorimeter than would be given out by a simple grata 
consuming the same quantity of combustible matter, so tha 
living being gives out less heat in proportion as it executes 
more mechanical work. We have seen, by Hirn's experiments, 
that it is solely according to the difference which exists 
between the heat experimentally obtained and that theo- 
retically estimated, that we now endeavour to find the value 
of the equivalent of mechanical work in living beings. 

Whatever may be the varied monifeatations of force in the 
organism, a certain portion of that tbrce always appears 
under the form of heat, and this it is which gives to animals 
a higher temperature thou that of the medium in which they 
live. 

May we not, by ascertaining the temperature of the different 
ports of the body of the animal, discover the points at which 
heat ia formed, and define the actual seat of those com- 
bustions of which we establish only the distant results 7 

It is now demonstrated that the lungs, by which the oxygen 
of the air penetrates into the organism, are not the seat of 
combustion, because the bleoci wliich comes out of that organ 
is, in genera], colder than that which has gone into it. If 
two thermometers or thermometrical needles be introduced 
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Into the heart of an aniinal, in order to ascertain the teTa\ 
rature of the blood which is retunung through all the Teina 
of the body into the right cavities, and that of the hlood which 
is coming into the left caTitiea from the lungs, we find that 
the blood of the right-hand side of the heart is the 
BO that it follows that heat is principally produ<^ along 
ooiirae of the great circulation. 

If we would more particularly localize the origin of 
we must take a special organ and investigate, in a 
parative manner, the temperature of the hlood which comes 
to it through the arteries, and goes out of it through the 
veins. Thus it has been recognized that tlie muscles, ii) 
action, and the glands while they sre secreting, 
for the production of heat ; and in them the most eni 
chemical action takes place. 

But we must not expect, when examining all the muscles or 
all the glands at the moment of their uotion, to find an un- 
vatying elevation in the temperature of their venous blood. 
A third element enters into the problem; it is the loss of 
heat which takes place while the blood is passing through the 
organ. Now, all portions of the body are not equally sub- 
jected to lose of heat ; the most superficial are the most 
exposed to them, while the deeper organs ore sheltered 
against the causes of cold.* Under these conditions every di>>: 
engagement of heat in the glands ought to be represented hjy 
an elevation of temperature in the venous hlood. If, on th« 
oontrarj-, we lay the sublingual gland bare, in cold weather, 
and investigate the temperature of the blood in the veins of 
that gland, we shall find the blood colder than that which 
has entered through the arteries. Must we conclude front 
thence that there has been no disengagement of heat in 
gland ? In no wise. We must simply admit that the loM 
of heat has exceeded its production. 

In short, heat appears to be produced in all the oi^on^' 
, degrees, according to the intensity of tha 



* IVliim we wisl to ascertun the increase of tempeTRlurs of the bl 
In tlio glnnda, wo munt cIioom, for this invesiiRatiiin, the blond of fhfl'l 
veins of Uie hver or the kidnejs, orgaiis iiheltercd from cooling infiiieaeM. J 
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cfacmical action which tafcee place in them. The t«inperatnra 
of an oi^an necessarily results from the heat 8np)ilii>d to it 
hy the blood, from that which has teen produced iu its 
interior, and from that which it has lost. Thus it ia that 
certain veins, those of the limbe, for ei^mple, bring bnck 
biood colder than that of the corresponding arteries; whilst 
others, like the sub-hepatic veins which leave the liver, bring 
havk blood warmer than that which has entered the hepatic 
gland. In fact, after all compensations ai« mad«, the heated 
vienouB blood predominates in the living organism over the 
cooled blood; so that it re-enters the heart lj° warmer than 
when it came out of it. 

This leads us to study the question of the Umperaturt of 
animaU, 

Among the different animal species, some, while producing 
heat, are subject to the voriatiouB of the surrounding tem- 
perature, so that they have been called cold blooded. They are 
now called animals of variable temperature, trhii^h is more 
exact. As for the Hnimala called warm blooded, they possess 
the singular property of having the blood in the deeper 
portions of their bodies almost always at the same tempera- 
ture, notwithstanding the variations of the extomal heat. 
Thus, a mau, sailing from the polar regions to the equator, 
may be subject, in a few weeks, to changes of 30° in the 
eurrounding temperature, but his blood remains at about 
88". 

It is eaey to understand that in the midst of incessant 
v&riutioDB in the production of heat inside the organism, 
and of the no less great variations in the causes of its 
waste, such uniformity con only be obtained by means of a 
rei/ulntor of the temperature. We shall now proceed to certain 
developments of the wonderful functions of the regulator of 
the animal temperature. 

Human industry has often found it dif&oult to provide fixed 
temperatures, or at least to counterbalaooe the causes of ex- 
oeaaive heat and cold. A hot-house must neither fall below, 
nor rise above a certain temperature. But this problem is 
relatively a simple one ; the hot-house is always warmer 
than the cxt'?mal air ; it can only be subjected to more or leas 
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intenm oausea of cooling, which may be compensated by 
suitable variation of heat. Buneeu'e regiilutor solyes this- 
problem satis roctorily, by teguluting the supply of gas which 
serves as a combustible, augmenting it if the inclosed air 
tends to grow cold, diminishing it in the oppoeita caHe. 

In the animal economy, two orders of influences tend la- 
Deseantly to cause variation of temperature in its production 
and in its expenditure.- Causes of loss of temperature exist, 
as in the iuatance just mentioned. The temperature of the 
Burrouading air, against which our clothing protects ua more 
or less efHciautly, on the one hand, and the more or less 
easy evaporation by nieaas of cutaneous perspiration, iiccord- 
iug to the h)'gro metrical state of the atmosphere on the 
other; the action of the wind, or of air-euireats ; the tem- 
perature of the baths which we take, all these different 
causes tend to increase or diminish the waste of heat to 
which the body is subject. To these influences must be ndiied 
those of the hot or cold food which we eat; of tlie hot 
cold air introduced into our lungs by respiration, &o. All 
these constitute in general the causes of logs of heat. 

Another variable element in the establishment of thcj 
animal temperature ia the production of heat wliich takes 
place in the interior of the organism, and which, as well aa 
its loss, varies under numerous Influences. The alimenis of 
which we parteke, act, through their nature and quantity, on 
this production of internal heat; the activi^ of the glands 
causes a discharge of caloric ; and the case is the same wi&i 
respect to muscular action, which cannot be produced withonk 
ttie heating of the muscle. 

it ia true that within certain limits our senses warn us to 
restrict the production of heat, or to promote it, according as 
esternal influences diminish or augment its waste. Thus, 
the amoimt of food taken varies with climate, so that the en- 
forced sobriety of the dweller in hot countriea has no rattan 
d'etre in cold ones. Obligatery idleness during the heat 
of the day under a burning sky is one manner of diminixhing 
the production of heat; the Nortlimen, on the contrary, en- 
deavour to compensate, by muscular activity, for the cold tgi] 
which they are subjected. 
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But these are not the true regulaton of the' animal 
■ Our wiQ' comiuaiids -all those actioiis whose 
e:miy be favourable to the refutation of our teiD[>e- 
B; bnt, in geuernl, Nature, ia order to secure the indis- 
■ pOTUMible hni^titine of life, remoTes them firom the control of 
our will. It ie in au automatic apparatus that we shall find 
the real regulator of temperature. 

This apparatus must obey external and internal influenoes 
ftt tlie same time, it must retain heat when it tends to be 
dissipated too rapidly, and, on the other hand, it must facili- ' 
tato its decrease when it is produced too abundantly within 
the organism. 

This double end is achieved by a property of the oircu- 
latoty system : tlie blood vessels, animated by nerves whose 
action has been revealed by M. CI. Bernard, close under the 
influence of cold, and open under the effect of heat. This 
property regulates the course of the blood in each of the 
organs, and at the same time the temperature throughout the 
entire economy. 

Let us take an animal which has juat been killed ; the 
circulation of the blood is stopped, and with it all the 
lunations. This animal, if placed in a low temperature, 
becomes oold. According to physical laws, the extremities of 
the hmbs and the surtaee of tlie body will lose heat in the 
first instance, while the central portions will still remain very 
hot, being sheltered by the more superficial layers against the 
causes of loss of heat. This corpse will resemble an inert 
body which has been heated, and is growing cold. The cir- 
culation of the blood opposes itself, during life, to the 
unequal partition of heat over the various points of the 
ragwiism j bringing the arterial blood, at a temperature 
of nearly 38° (centigrade), to the superiicial portions, it warms 
them when the external temperature tends to chill them. On 
the other hand. If. in the living animal, the production of 
heat has been augmented, the circidation opposes the inde- 
finite heating of the central regions of the body ; it brings 
that heat to the surface, where it is lost ia contact with the 
oxtemal colder medium. 

The effect of the circulation of the blood is therefore to 
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render the temperature of tbe organism uniform. But this 
□niibmiit; is never complete; in fact, except iu the cuae of the 
animal's being in a vapour btith at 88°, and losing 
ita heat, the surface of the body ie always cwMer than the 
interior, but no ill effect is produced by the chill, which doe* 
not ac-t upon the essential organs. 

If tlie circulation of the blood were of etjual swiftness in eveiy 
part, such a uuiformity would uot result in the preservation 
Uie uniform temperatnrn iK^i^essarj for the internal regie 
the body; we should then merely see it exposed to more geuetai{ 
elevatioos and depressions of temperature, according to the 
Bjieetive predominance of causes of heat or the loss of it. To 
produce uniformity of central heat it is indispensable that some 
influence should augment the rapidity of the oirculatiun 
each time tliat tlie organism produces more heut, or that the 
elevation of the surrouudiug temperature diiniuishes the 
of cooling. Circulation in the superficial portions of the bod; 
is extremely variable, as we may ascertain by observing thfl 
varying aspects of those portions, which are sometimes red, 
hot, and swollen, sometimes pale, cold, and shrunken, accord- 
ing to the more or less abundance of the blood which circu- 
lates in them. This variability depends upon the contraction 
or the relaxation of the little arteries, whose muscular sheatha 
obey special nerves. Wbeu, under the influence of these nerve^ 
named vaao-motors, the vessels contract, circulation elaakeoi^ 
while by a contrary action, the relaxutioa of the vessels ac- 
celerates the course of the blood. Now, it is the teiupera- 
ture itself which most generally acts in regulating this state 
of contraction or relaxation of the vessels, so tijat the animal 
temperature possesses in reality an autoiitatie regulator. 

Every oue has observed the influence of heat and cold on 
the circulation in the skin. If we dip one hand iu hot, and 
the other in cold water, the first will grow red and the second 
pale ; heat has, therefore, the eflect of relaxing, and cold of 
contracting the vessels. In other words, according to wliat we 
have already seen, heat, by its action upon the circulation, 
favours the loss of heat ; while cold acts in an inverse sense, 
aud tends to diminish tlie intensity of the chilling process. 
And it is not only under the influence of the variations of tha 
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extemnl tempordttire that these efiecte are produced -, tiey are 
equoll}- obeerved when the auimal heat Tiiries in its produc- 
tion. The heating of the organism which accompanieB 
Tnuscular activity, or which results from taking very hjt 
drinks, produces the acceleration in the superficial circulaliou, 
which throws out this excess of heat to the surfooe. Inanition, 
tnuEOular repose, the drinking of iced waters, &o., slacken the 
circulation near the surface and check its cooling action. 

Such are, as far as we can explain them in a short chnpter. 
the origin and the distribution of heat in the animal organism. 
The part played by the circulation of the blood in the distri- 
bution of heat, perhaps demands more ample details; and, 
indeed, we have treated it more fully elsewhere.* In the 
present oliapter we have studied heat only as nmnifestation of 
* force, and have merely designed to show that, notwithstanding 
I aU appearances, heat is of the same nature in the inorganic 
world and in organised beings. 



CHAPTER IV. 

ANIMAL MOTION. 

I Hotlon U the tniMt appnrcnt clianrteri'itic of life ; It acts on solid.*, 
liqiliils, Btid (pi^Ba — IHnlinction between the motions of organic aiid 
animi: life— We shnll trest of wiiimil motion only- Structure of the 
iniuela — Undulating appearance of the still liTiii); tibre— Miucular 
wave— Con cHBsion and myography— Multiplicity of acts of contrac- 
tion— In lenaity of coiitnction in its relations to the frciiuency at 
iDDscalar Bhooks — Charactemtics of fibre at diUereut points of ths 
body. 

Motion is the most apparent of the ohuracteristtcs of life ; 

I it manifests itself in all the functions ; it is even the essence of 

nverol of them. It would occupy much space to explain the 

* PhyinJogit mliivxtlc de la CiraiialuM da Sang. Paris, 1863 ; and 
T'Mont fkytialogiqm dti ChoUra, Oiattte fftMomadaire (U Midatin*, 
1S67. 
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mechanism by which the blood circulates in the Tesaels, 
air penetrates into the lungs, and escapee ficom th<jin & 
nately, how the inlestinea and tlie glands are perpetut 
a^cted by slow and prolonged coDtractions. All these n 
ments take place within the organs without the exercise of the 
will ; frequently even the individual in whom they occur in 
unconBtdoas of them ; these are the acts of organic life. 

Other mnvementa are subjected to our will, which regulates 
their speed, energy, and duration ; these are the muscular 
actions of locomotion, and the different acts of the life of rela- 
tion. We shall treat specially of this order of phfinomena, 
which are more eaej to obserre, and to analyae. Suffice it 
here to say that the absolute division between the nets of 
organic life and those of the life of relation ought not to be 
accepted unreservedly. Bichat, wlio established it, bused it 
upon anatomical and functional differences wliich are of leas 
importance now than they were in his time. The mus- 
cular element of organic life is unstripe<l fibre obedient to the 
nerves of a particular system called the great lympatketie, 
on which the will has no action ; motions produced by this 
kind of fibre are manifested some time after the excitement of 
the nerve or of the mnscle, and continue for a considerable 
time. In fact, the object of those acts which are intended to 
maintain the life of the individuni imprints upon them a 
■pecial character. The muscular element of the life of rela- 
tion consists of a fibre of striated appearance, whose action, 
under the control of the will, is dependent upon nerves 
emanating directly from the brain or from the spinal marrow. 
These movements become evident rapidly as soon as they are 
provoked by excitement; they are of brief duration, and ar^^ 
generally, not indispensable to the maintenance of the life <49 
the animal. ^ 

Although this distinction is, in a general way exact, it is 
plain that it is too arbitrary, and that numerous exceptions 
to the anatomical and physiological laws which it tends to 
establish may be quoted. Thus, the heart, an organ directly 
indispensable to organic Hie, and not under the governance (rf _ 
the will, is a structure which much resembles the voluntazy f 
musoles. Certain fishes of the genus tinea have striated muaolaft J 
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in tie large intestine, aa Ed. Welter has pointed out. Very 
'n, on the other hand, the will has no power over cerlaiii 

; muaolea which, by their structure, and by the nature of tlje 
Derves which nniniale them, belong to the system of tlie life 
of relation. Habit, besides, by repeated exercise, appears to 
extend tlie action of tlie will over the muacles, almost 
indefinitely. The young animal ehows, by the ankwardneas 
of his movements, that he is not in full possession of bia 
muscular functions ; be eeems to have to study the simplest 
sets, and performs them badly ; while the gymnoat, or the 
eliilled piano forte-player executes prodigies of agiUty, strength, 
or precision, without any apparent effort of the will propor- 
tionate to the result obtained, Many physiologists think, and 
we are of the same opinion, that Uiere exist in the brain, 
and in the spinal marrow, centres of nervous action which 
acquire oertaiu powers, by force of habit. They attain to the 
command and co-ordination of certain groups of movements 
without the complete participation of tliat portion of the brain 
which presides over reasoning and the consciousness of our 
actions. 

Let us lay aside these questions, which are still under inves- 
tigation, and examine into the production of motion in a 
voluntary muscle. The organ which generates tnotiou is 
composed of several elements. Simple as it is supposed to 
be, it requires tiie intervention of muscular fibre, of the blood 
vessels, which unceasingly convey to it the chemical elements 
at whose expense the motion is to be produced, and finally, of 
the nerve which excites motion in the fibre. 

' When the physiologist desires to analyse the actions 
which take place in the muscles, he does not deal, in the first 
place, with voluntary motions, whose complexity is too great. 
The operator isolates a muscle, and induces motion in it, by 
bringing to act upon its nerve artificial excitements which he 
has under his control. 

To give an idea of the part played by each of the elements 
of the motive apparatus in the production of movemeut, it ia 

. BuiBcient to operate upon the leg of a frog. Cy laying bar« 
and severing the sciatic nerve, the influence of will upon the 
muscle may bo suppressed, so that the latter will ouly execute 
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aiich rootioiiB as aro produced by excitation, electric or 
otherwise, applied-to the portion of the nerve which remains 
in commmiioation with it, Ou the sides of the sciatic nerve 
are an artery and a vein. Compression of the artery will 
prevent the blood from reaching the muscle ; compression of 
the vein will produce stagnation of the blood. The influences 
which dilFereut states of circulation produce upon the musculur 
function may then be observed ; and, finally, by mnking an 
incision in the akin of the foot, the muscle will be hud bare, 
and cold, heat, or the various poisonous substances by which 
its action is modified, may be brought to bear directly upon it. 

When the nerve of a frog thus prepared is excited by an 
electric discharge, a very brief convulsive movement in the 
muscle is produced ; this motion is colled Zackung by the 
German physiologists, and we propose to call it tkocft, 
order to distinguish it from true contraction. It is so rapid 
that its phases caimot be distinguished by the eye, eo that, to 
appreciate its characteristics aright, recourse must be had to' 
special instruments. Registering apparatus only can supply 
this need, for they faithfully render all the phases of motion 
communicated to them. The general disposition of these forms 
of apparatus, which for a long time were used almost exclusively 
in the service of meteorology, is generally known. The 
indicBtioas of tlie barometer, of the thermometer, of the foroa ; 
or the direction of the wind, of the quantity of rainfall, &o., 
register tliemselves under the form of a curve which, accord- 
ing as it is elevated or depressed, expresses the increase or 
diminution of intensity of the phenomenon to he registered. 
The time during wliich these variations are accomplished raay 
be estimated by the length occupied by the curve upon the 
paper, which travels in front of the marking pen with 
Bsoertained and perfectly regular speed. 

The use of instruments of the same kind has been introduced 
into physiology by Volkmanii, Ludwig, and Helmholtz. We 
have endeavoured to extend the employment of them to a great 
Qumber of phenomena, and we have constructed many instru- 
ments whose d< suri[ition would be out of place here. The 
apparatus which registers muscnlnr motions bears the name 
of my/nrajih ; it shows the disturbance of the muscle by 
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L curve whicii readily allows us to study its phaees. 

lully ex|iluined olst^wliere the nature of this iti- 
Ftrumenl, the exiieriinenta for which it is suita)ltt^, anil 
tlie results which it gives.* At present we shall limit our- 
selT«f) to a eumniary descriptiou of the uliief results of 
myography. 



'^$»=»-H'« 



Fio. X.— Tha HjogmiOL 

In order to explain thoroughly the function of the appa- 
I fatuB, let us reduce it in the first place to its essential 
elements. Fig. 2 shows a muscle of the cnlf of afrog'e leg, m, 
suspended by a clip by means of the bone to w hich the upper 
part of the mutvle is attached. The tendon, t. of the muscle 
ba§ been cut and then tied by a thread to the lever, L, one end 

I of which can be raisiid or lowered while the other is fixed ; the 
Bttre, », IB Bueceptible of electric escitement, which produces 
oettain coDtrncliona followed by relaxations in the must'Ie. that 
ii to uy thocks. Each of these movements of the muscle is 
rommunicated to the lever, which is raised or lowered, ampli- 
I 



* Su KounaiiciU Uum ks Pmclioia de la Fu. rari", 1867 : Q. BuUIer*. 
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fyiiig at its extremity the motions wliich it Iihs received. 
Tlus levoT, wiiich ende in a point, traces oq a turning cylinder 
certain curvea, wbich, wlien they are raised, indicate tlie eon- 
traction of the muscle, and when they are lowered, show 
its return to its primitive length. 

With the arrangement wliithwe have made in the myograph 
a muscle may be operated mxin without being detached from 
the auimiil, which allows of tlie organ being letl in the normal 
conditions of its function. 

In Fig. 3 llie frog is represented in the experiment, fixi 
by meana of pins, on a piece of cork. 



r 
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Fio. i.—Xmnfi Mfngmph. 

The brain and epinal marrow have been previously destroyed, 
GO na to extiugiiish all voluntary movement and sensibility. 
Although, to all appearance, the animal Is dead, It will n 
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tbelees retain tor fwveral hoiire tlie circulntion of tLe lilom], 
tnd the power of motion uuder the iuSneuce of electric 
disctiargBB. An electric excitator conveys the current fi'om on 
induction coil to the nerve of the frog. 

In order to register these movements and to depict them 
1)V curves which espreas their different pliasea, they are trtins- 
tiiitted to tlie myograph in the manner already describeil. 
The tendon of the muscle is out, and connected by t 
which is fastened at the other end to the lever of the 
registering apparatus ; the latter moves in a horizontal plane, 
when the contractile force of the ranscle is exerted upon it. 
Ah soon as the muscle ceases to act, the lever returns, under 
llie pressure of a spring, to its original position. At the free 
extremity of the lever is a point whioii traces, on a turning 
cylinder covered with smoked paper, the motions produced by 
the alternate contra<ition and relaxation of the muscle. 

^Vh6n the cylinder is motionless, the lever traces, for each 
muscular shock, a straight line which expresses (liy amplifying 
it in a known proportion) the extent of the contraction of the 
muscle. Several authors limit themselves to this kind of 
rnyngraphy, by which they ascertain the vari a tiona produced by 
different iufluences in the intensity of muscular action. By 
giving the cylinder a rapid rotiit'vy motion, a curve is obtniued 
V'hich expresses by its height the extent of the contraction, 
end indicates by its inclination, which constantly varies, the 
speed with which the muscle passes through the different 
phases of tlie shock. Finally, in ordi'r to obtain, without 
cimfounding them, a great number of successive tracings, 
the foot of the myograph is placed upon a little railroad 
which works parallel to the uxis of the cylinder. Tha 
writing point then traces an imlefiiiite spiral all round the 
cylinder, and on this spiral a number of regularly graduated 
curves (Fig. 5) are traced, answering to a series of electric 
excitations produced at equal iutervais ; each of these curves 
corresponds with one of the electric shocks. 

If .the speed with which the cylinder turns be augmented 
or diminished, a change ensues in the appearance of the 
curves, which necessarily occupy a greater or less space on 
the paper, but if a uniform spee'l in the rutution of the 
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cylinder be maintained, the curves i^taiii t)ie earae form ao 1 
long OB the muscle girea the same nioveineuts. 

Not only are shocks produced in tlie muscle bj acting 
upon its nerve by electricity, but also by applying electric 
excit«inent to the muscle itself. Pinching, perc^ussion, and 
cnuterization of the nerve are also excitants which provoke 
shocks of the muscle. 

ITie cborocter of these movements changes under certain in- 
fluences. Fatigue of the muscle, the cooling of tliat organ, the 
stoppage of circulation in its interior, modify the form of the 
shock, diminish its force, and augment its duration, tinder 
these influences the niyographic curvu passes through differee^B 
forms, I ' - - - — , 



I 
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Among the different species of animals, the durations of the 
shock vary considerably ; in the bird they are very brief (two 
to tliree hundredths of a second). In man they ore longer ; 
in the tortoise and hybemating animals longer still, ('ertain 
poisons modify the characteristics of this movement in so 
special a manner, that the slightest truces of those poisons 
introduced into the circulation of the animal may be disco- 
vered in the form of the tracings. 

I!y Fig. 5, we may judge of the successive forms which 
will bo assumed by the shocks of the muscle of a frog, under 
the influence of a gradual absor]>tion of voratrino. 

These experiments still reveul only one fact : it is that 
the muscle is sliurtened or lengthened by a movement whose 
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phaxes vary uniler the different influenoea wliith wo have just 
destrlbetl. 

If we endeavonr to pursue the study of tliU phenonietion of 
the controctjon of the muscle, we see that it is only a chango 
ID the form of that organ, and that the diminution of length 
is accompaaied hy a oorresponding dilatation which might 
be expe«t«d in a eensihly incompresBible tissue. But the 
manner in which tiiis Jilutation is jirnduced h 



It haa been long since ohaerved that there are formed upon 
living muBcles at the pointa where they are excited, Inmpe or 
nodosities which run along tlie whole length of the muscle, 
with more or less rapidity, like a wave on the surface of the 
water. Aeby* has shown that this is a normal phenomenon, 
and, under the name of miuciJar irave, he haa described this 
movement, which, from the escited point, pasaea to the two 
extremities of the muacle at the rate of about a metre in a 

ond. l)y means of an apparatus, which we have called 
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myngrnpliical clips, the reality of this movement of the w 
may lie verified in tlie Uviag nntmiil. 

When the wave appears in the muscle, it produces con- 
traction. During the whole of its passage the coatraotioa 
continues, and when, having reached the end of the muscular 
fihire, the wave vanishes, the contraction disappears with it. 

These facts resemble those which the microscope reveals in 
living muscular fibre. Let a bundle of muscular fibres be 
taken from an insect, and placed under the objective of the 
microscope (the feet of coleoptera are well suited for this 
purpose) ; we first observe the beautiful transverse striation 
of these fibres, and then we perceive on their surfiice an undu- 
latory movement ol^n alternating, which resembles the motion 
of waves on the surface of water. Ou examining this 
phenomenon more closely, we see that the transverse strite 
of the fibre are, at certain points, very close together, which 
is shown in the figure by a dilatation of the fibre. This 
is the wave shown by the microscope ; the longitudinal ( 
densntion of the muscle at this point gives it greater opacity < 
than iu the other portions (Fig. 6.) This opaque wave travel | 
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through the length of the fibre. In other words, the point* 1 
at which the strife Approach each other are not always tba I 
same, the longitudinal condensation disappears in one plaoB 4 
whilst it ia produced in the contiguous parts. 

Since the contraction of the muivle ia accompanied by its 4 
transverse dilatation, we may study the characteristics of 
the motion produced in a muscle, according to this expansion. 
We have succeeded in registering these changes iu the 
Tolnme of the muscle, as we have registered the changes 
in its length. Under th^se condilions we might study 
muscular action in man hitusclf, because there is no need 
of mutilation. 

Let us suppose a mtucle held between the flattened eoAa of 
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up ; at each of its dilatatiuns the miierle will force 0[ 
the clip, and tbis movfnient may be registered. Ttiia metl 
enahlcs ua to etudj the iiheiioinenon of the musciilar irave, 
and the xpeed with nhith it travels thruughout tlie whole 
lenfrfh of the niuHtle. 

Fig. 7 oxiiibita a bundle of muBcle hpld at two points 
of its length between the myogrftphiciil clips, 1 and 3. 
Thoee iDstnnneiits are so oonittruuled that when their eiida 
are pushed upurt by Uie dilatation of llie iiiuHcle, tlie niuve- 




ment compreMefl a sort of little drum which sends a portion 
of the air which it contained tlirough an india-rubber tul>e 
into a similar little drum. Fig. 7 shows two of these instru- 
ments fixed upon n foot. The expansion of the membraue 
lifts ft tegislering lever, and thus gives notice of the dilatation 
of the muscle at the point where it is compressed by clip 
No. 1. The movement is shown upon the tracing by a curv© 
analogous to those which we have already' seen. 
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Let us siipiKise that the muscle ib eleclrically excited a 
e level of the first clip ; nolit-e is given of the fonnation o 
e wave at that part of the muscle, hut clip No. 2 doe 
it yet give its sigiial. In order that it may act, the wave 

it passes aloDg the muscle, must reach it. Aa this oecura 
ip No. 2 gives the signal in its turn, and it ia shown hi 
e tracing, that this second movement is later than the fim 
r a certain apace whose duration may lie estimated accordini 

the speed of the rotation of the cylinder. 

The influences whioh modify the intensity and the duratia 
' the muscular shock have appeared to ub to modify th 
tensity and tlie speed of the propagation of the wave. Thu 
le two lower curves represented in Yig. 8 show that th 
ansference of the wave is retarded by cold. 
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The experiment lias heen made upon the muscles of it 
ligh of a rabbit. The clips were placed as far as poi 
;ble apart, about seven centimetres. Electricity was applie 
) the lower exiremiiy of llie mtiscle, and the two upper curvt 
f Fig. 8 were obtained. Tlie interval which divides tho( 
irves marks the duration of the trannference of the muscult 
ave. After the muoele had heen chilled with ice the curw 
t the bottom of the figure were obtained. We see that tli 

iterval between these curves than between tlie first. 

Production of mechanical force in the niiucU.—We have see 
lat chemical action is the source of muuular force ; throug 
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what medU doea this force pass before it becomes mechanical 
■work? 

In Bteam engines, haat in the neceBsnry medium between 
the osidation of the fuel and the developed mechanical work. 
It ia very probtible that the same 
thing takes place iu the miieclea. 
The chemical ectioa produced bj 
the nerve within the fibre of the 
muscle disengages heat from it : 
this heat in ila turn is itself 
portiallj tran«f>irmcd into work. 
We aay partially, since accord- 
ing to the second principle of 
thermo-dynamics, heat cannot be 
entirely transformed into me- 
chanical work. 

Certain facts seem to justify 
theae views : thus, by warming 
a muscle, we change the form of 
it, and may see it contract in 
length as it expands in breadth. 
Theee effects disappear when the 
muscle ia cooled. 

Muscular fibre is not singular 
in it« power of transforming heat 
into work. India-rubber, for in- 
stance, has auanalogous property, 
and this substance may be made 
to imitate the muscular phe- 
nomena to a certadu degree. If 
we take a atrip of india-rubber 
(not vulcanised), and, drawing it 
between the fingers, atretch it out 
to ten or fifteen times its original Tv. u.-Tnuuronnntian of b«t inw 
length, we see that it becomes wurk iiy « Mrin «( imimnibba-. 
white, and of a pearly lustre. At the same time the strip 
will become sensjldy warm, and it will tend energetically 
return to its original condition, so that if we let go either of 
it« ends, it will instantly resume its former length, and fall 
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ita original temperature. According to our view, the senaiblo ] 
Iteat liHS disappeared and become mechanical work. If wa 
plunge the Btrip when extended into water, ao aa to deprive it 
of its heat, it remains, aa it were, congealed in its extended 
ntate, and does not develop any mechanical work. But if wa 
restore t« the elongated strip the heat which it bad lost, it 
will recover its elasticity with considerable force. Fig. 9 
represents a strip of india-rubber thus pulled out and cooled. 
It has been laden with a weight that it may have no tendency 
to recover itself. But, if we take the strip between our fingei 
we feel it swell and shorten at the same time that it lifts the 
weight ; there is again production of mechanical work. 

If we thus heat the strip at various points we oreats 
series of lateral expansions, each of which raises 
quantity of the weight. Lastly, if we heat it throughout 
its extent, the strip returns to its original dinienxious, witll 
the exception of the alight elongation produ(.«d by the 
pended weight. 

Strong analogies exist between these phenomena, and 
those which take place in muscular tissue. The identity would 
be perfect if the wave which heat produces on the strip of 
india-rubber were transmitted to each end. This transferenoe 
implies, in the muscular fibre, the successive propagation 
of the chemical action which disengages the heat. It Is thiu 
that if ve light a train of powder at one point, the in- 
oandescence spreads throughout ita entire length. 

These analogies have struck us as being remarkable : thc^^ 
seem to us to open new views of the origin of musculttt 
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CHAPTER V. 

CONTRACTION AND WURK OF TOE MUSCLEa 



n,B funftiun of the nerve- lUpidity of the n> 
ill phyuotogy — TeUnua aud musoulai 
trsction — Wurk of tlio muscle*. 



ja ■({eiit— M ensuiei of tima 
iltdctiou— Tliiiory ot ««■ 



Thb experimentB described in the preceding ohspter slioir 
tis the muscle uuder ortiGciuI conditions, wliich may, perhaps, 
iuduce us to suspect the results which they fumiah, Cua 
this electrical agent, whicli Las been employed to excite 
motion, be aseiuiiluted to the unknown agent which the will 
seuds through the nerves to comniand the muscles to act? 
And these artilioially -produced movements, those brief shockit, 
always eimilor if the ounditionB of the muscle be not changed, 
iu what do they resemble the motions commanded by tba 
will, which are so varied in tlieir form and their duration 1 
These objt«tious deserve at least a brief discussion. 

TIte Junction of the nerve. When a nerve is excited by aa 
electric discbarge, the electricity employed does not always 
pass to the muscle in which the reaction takes place. The 
shock is produced equally well when all propagation of tbe 
electric current along the nerve is prevented, uud it exhibits 
itself equally when exdtants of a quite different nature are 
Diployed, for iustanoe, pinching or percussion. Thus, the 
excitant employed only excites in the nerve the transference 
of the ngeut which is proper to that organ. Is not this 

-vous agent itself electricity f Notwithstanding tbe able 
labours of tlie German physiologists, and ea pec i ally of 
M. Du Bi)ie lleymoud, science has not yet decided on tliat 
subject. We know that electric phenomena are produced in 

' nerve when it has been excited in a certain way, and 
tliat their propagation tliroughout tbe nervous cord seems 

have precisely the same speed as that of the transference 
of the nervous energy itself. How has this speed beeu 
mPBAured? 
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Helinholtz had the boldness to undertake this ineasurement, 
and, by determining the speed of the nervous agent, he haa 
fumished physiologiBta with a method which enables them to 
measure the duration of other pheuomena connetted with the 
nervous or muscular functious. Tiius the experiment describeil 
above, in which we have measured tlie speed of the trans- 
ference of the wave in a muscle, is only an application of the 
method of Helmholtz. 

In order to make the conditions of this experiment 
thoroughly comprehensil)le, let us make use of a comparison. 
Let OB suppose that a letter is despatched from Paris to go to 
Marseilles, and that, being resident in the latter town, we 
should be informed of the precise instant at whiuh the postal 
train leaves Paris, while we have uothing to warn us of its 
arrival at Marseilles except the knowledge of the moment at 
which the letter is delivered there. How can we, according to 
these data, estimate the speed of the mail train? It ts clear 
that the instant at which we receive the letter does not indi- 
cate that of the arrival of the train ; for between that arrival 
and the distribution, many preliminaries take place, the sorting 
of letters, delivery, &c., which re<]uire a certain time not 
within our knowledge. In order to liave an exact idea of the 
Bpeed of the train which carries tlio mail, we must receive 
a signal of the passage of that train through an intermediate 
station between Paris and Marseilles, Dijon, for instance; 
then we shall see that the distribution of letters takes place 
six hours sooner after the departure from Dijon than after the 
departure from Paris. Knowing the distance which separates 
these two stations, we tn&y ascertain from the time employed 
in traversing it, the speed of the train. Ily Bupposing this 
speed to be uniform, we shall know the hour at whith the 
train will have arrived at Marseilles, which will give us know- 
ledge of the time consumed in the sorting and distribution of 
the letters. 

Helmholtz, in experimenting upon the nervous motive 
ngoat, first excited the nerve at a point very distant from tha 
muBole, and noted the time which elapsed between the excit»- 
meet which despatched the message carried by the nerve, tmi 
the appearance of motion in tlie muscle. Then acting on i 



COSTHACnOK AKD WORK OP THE HUHCLES. 48 



point 



of ihe iierre 



very i 



t under thesu new couditioua tl 

citement more closely. Tlie diffe 

iibaeri'ed in these two consecutive t 

diiralion of the transference of thi 
, known length of the nerve, mid conaequently espresaed 
I frpeed, whic-h varied from 15 to 30 metres per second. 

is feebler iu ihe frog than in warm -Wooded animalB. 



e muM'le, he ascertained 

e motion followed the ei- 

eiice of time wliii^h be 

[perinieota measured tlie 

agent alun;; the 



It 




Now, it results from the experiinentB of Helmholtz, that all 
iLe lime which elapses between the excitement and the motion 
ia not occupied by the transference of the nervous agent ; hut 
that the muscle, when it has received the order carried by tlie 

■ serve, remains an iuetaut before acting. This is what llelm- 
holtK calls lost time. This time would correspond, in the 
comparison which we liave employed above, with the duration 
of the preparatory labour between, the arrival of the letters 
and their distribution. 

Physiologists have repeated the experiment of Helmholls 
with some improTements. In fig. 10 tracioga may bo seen 

I which we have ourselves obtained while measuring the speed 
of the nervous agent. 
Two muBcular shocks are successively registered upon the 
■ame cylinder, core being taken that the nerve shall be excited 
in the two experiments, at different points, but at the same 
inatsJit with regard to the rotation of the cylinder; for 
example, ut the precise moment at whicli ihe point oS the 
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myograph passes over tbe vertical wliich corresponds n'itli t 
ui'igin cf llie lines 1 and 2. 

In tbe exi>eri[nent which regulated the shnck of line 1, t 
nerve was esciled very near the muscle. In that which b 
traced by tlie shock of line 2, the nerve w&s excited 30 centi- 
metres further off. As the cylinder turns with a uniform 
motion we can estimate the tiuie corresponding with the 
distance which seporatea the two shocks. To facilitate tho 
measurement of this interval, the vertical linos indicate tlie 
etarting points of these shocks; in fig. 10 the interval which 
separates them corresponds with a hundredth of a, second, 
during which the nervous agent has passed over 30 centi- 
metres of nerve, wliicli corresponds with a speed of 30 metres 
per second. In order to measure this time witli very great 
exactitude, we use a method invenled by Duhamel. It con- 
sists in making the cylinder trace the vibrations of a chrono- 
graphic tuning-fork provided for this purpose with a very 
tiue style, which scratches on the sensitive paper. We have 
recourse to this method in all our experiments. 

Let ua return to fig. 10. If the iuferval which divides the 
starting points of tlie two shocks corresponds with the time 
which the nervous agent has taken to pass along 90 oeuti- 
metres of nerves, there is a much more considerable time^ ■ 
which, for each of the lines 1 and 2, is measured between t^ J 
signal of the excitement marked hf the first of the three 
vertical lines and tha first sliock. This is the lost time of 
Helmholtz; it represents more than a hundredth of a second 
la this experimeut. 

The greater number of authors think that the speed of the 
nervous agent varies under certain infiueticea ; that heat 
augments iti while cold and fatigue diminish it. 

It seems to us, on the contrary, tliat this varialiility of 
duration belongs almost exclusively to those still unknown 
phenomena wliich are produced in the muscle during the 
loal tims of Ilelinholtz. 

Just as the einphtje* of the post, fiitigiied or chilled by cold, 
cnuse delay in the distributiuu of despatches, without there 
having been any change in the speed of the train which has 
brought '.hem, so the muscle, according to whether it is tested 
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or fatigued, heated or cliUled, eiecutes more or less rapidly 
tbe movement dictated by tlte nerve. 

Besides this, all tbe iniluencefi wlitch cause variation in the 
mnment at which the ehock of the muscle a^tpearB, cause 
variation of speed in the propag'atioa of the wave in its 
interior i which proves that the conditions which accelerate, 
or retard chemical actioua, tlie first causes of all these phe- 
auTnena, are solely concerned. 

Of tilt eoiUraction of the mutcle. Hitherto, we have applied 
to the nerve only one single excitation, to which one single 
motion renponded, the muscular thock. Notwithstanding ita 
brevi^, tbts shock has an appreciable duration ; in man it takes 
8 or 10 hundredths of a second for the muscle to accomplish 
its contraction ; then a longer time for it to resume its normal 
length ; after which, if it receives a new order from a nerve, 
it gives a fresh ehock. But if the excitations of the nerve 
succeed each other at such short intervale that the muscle has 
not time to accomplish the first ehock before it receives a 
second, a special phenomenon is produced ; these movements 
are confounded and absorbed iuto a state of permanent oon- 
traction, M-hich lasts as long as the exciluliona go on suo- 
ceeding each othor at short intervale. 

Thus the shock is only the elementary act in the function of 
the muscle; it plays tlierein, after a fashion, the same part as 
a sonorous vibration plays in tlie complex phenomenon wliich 
constitutes sound. When the will ordains a muscular con- 
traction, the nerve excites in the muscle a series of shocks 
which follow one another ho closely tliat the first has not time 
to end before a second begins, so that these elementary 
movements combine to[;eth«r and coalesce to produce the 
contraction. 

Volta pointed out, in a letter to Aldini, tliis singidar fact, 
that a. frog which receives a series of excitations, by the reite- 
rated contacts of two heterogeneous metals applied to his 
nerve, does not react at each of tbese contacts, but undergoes 
a sort of permanent contraction. Ed. Weber shows that the 
action of successive induced currents is of the same kiud, 
and he has given the name of letaiiut to the state of the 
muscle thus excited. Helmhullz perceived tliat the muscle 
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vibrates iu llie depths of its tissue under tlicso conditions of I 
coutrai^tioti, because the ear applied to this inuscle hears a I 
sound whose ocuteness is exactly deterniiued by the number 1 
of tlie electric excitations sent to the muscle in a second. 

By means of a very sensitise myograph, we have been able I 
to render visible the vibrations of the muscles under tiie 
fiuence of l«taiiua- producing shocks. 

Fig'. 1 1 shows how this fusion of shocks is manifested > 
Iiy a contraction of the muscle, permanent in appearance, but 
in which the tracing reveals vestiges of vibrations. Vibrations 
may be found in the tetunus wliiuh strychnine produces in the 
muscles of an animal, as well as in that whicli is caused by 
the irritation of a nerve by heat and chemical agents. 




^H In short, these voluntary coutrnctions seem to be only ft. 

^M series of shocks, combining together by the rapidity of their 

^H succession. 

^H It has long been knon-n that by applying the ear to a 

^H muscle in a state of voluntary contraction, we can hear R 

^H grave sound, wjiose tone several authors have sought to 

^H determine. Wollaston, Houghton, and Dr. Collongue are 

^1 almost agreed upon this tone, which would correspond to a 

^B frequency of 32 or 35 vibrations per second, llelmholtz 

^H thinks that this tone of 32 vibrations per second is the normal 

^H sound given nut by the muscle in contraction, and according 

^^1 to his pxpertuieuts in electric t«tanizatiun, he regards this 
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Dumber as the minimum necesaaiy to produce the state of 
ajiparent immobility of the electrically tetaiiized muscle. 

If Toluntary coQtroctioD, studied with the aid of the myo- 
griiph, furDiaiies no trace of vibrationa, we must not be eur- 
jirised, since the essential character of tliiit act cousists is tlie 
coalescence of shocks. But the enieteiice of the souud which. 
BVcompanies the oontraction of tlie niuscle sulBcieutly proves 
the complexity of this pheoomeoon. l^et ua add another proof 
iu fnTour of this theory. When a muscle receives excitations 
of equal intensity, the contraction which resulla from them is 
all the stronger in proportion to their frequency. Now, ia 
contracting the muacles of the jaws with more or less force, 
we have been able to ooavince ourselves Ihiit the acuteuess of 
t)ie muscular sound increased with the energy of the eflbrt. 
We may thus obtain variations of a fjlh in the tone of the 
muscular sound. 

We shall aldu see liereefler how the electric state of the 
muscles in coutiactton proves still more the complexity of this 
pkmommoi. 

The conclusion at wliicli we Lave a 
▼oluntaiy contrnctiou, the motor nerves 
cwssive acts, etich of whicik produces 
iDUSole. The latter, in its turn, causes 
of which gives birlh to a muscular wai 
~ s in the elaeticilj/ of the muscle that 



ved is, that during 
re the seat of suu- 
1 excitation of the 
series of acts, each 

producing; a shcu'li. 
!ek for the 



cause of the coulesceiice of these multiplied shocks ; they are 
extinguished just as the jerks of the piston of a fire engiue 
disappear in the elaaticity of its reservoir of air. 

Of ttork done by tin muicU*. After having seen how 
mecbBuical fmce is produced, let us try to measure it — that 
is to say, to compare it with the kilogram metre, the unit of 
nieasure of work. If we suspend a weiglit to the tendou 
of B. muscle wliich we cause to contract, we easily obtain the 
measure of work by multiplying tliis weight by the height to 
which the muscle raises it. 

In animated motors, the measure of work is lees easy to 
obtain. Sometimes, indeed, the strength of an animal is 
ulilized in tlie Uftitig- of a weight, but the greater part of Iha 
act« in which the strength of animals is employed can Quly 
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he eatimnted hj eularging the definition of mechatitcB.1 worki I 
Tliua, a horse which towe a hoat, a man who jjlunee a board, 
a bird which strikes the air with iU wing, does mechauical 
notk, and yet they do not lift weights. In order to rMlut-e 
8 of this kind to a general definition, we must admit aa 
the expreesion of work, tht effort multiplied by the tpace travened. 
This effort, besideB, may always be compared with the weiglit, 
the lifting of which would necessitate an equal effort, so that 
wc Bay of a traction or an impulse, that it corresponds with 
10 or 20 kilogrammes. When a workman planes or turns a 
piece of metal, if the tool which he drives Into it penetrates 
only on condition of receiving an impulse of one kilogramme, 
the workman, in order to have effected a kilogrammetre of 
work, ought to have detached from the mass a shaving of a 
metre in length. A horse which tows & boat with 20 kilo- 
gramme force, will have employed a force of 20,000 kilo>^ 
grammetres when he has gone 1,000 metres. fl 

But still that ia not yet sufficient to bo applied to all the^ 
forms of Dtecbauical laljour. If, for example, force be era- 
jiloyed to displace a mass, the effort necessary for the move- 
meot nill vary wiib the speed which is given to that maea. 
Let us imagine a block of stone suspended freely at the end 
of a very long rope ; the lightest pressure applied to tliis 
block for a few instants wilt produce movement in it, while 
the strongest blow of the fist will scarcely cause any sensible 
dieplacemetit, Iwcause the force requisite to displace masses 
increases according to the square of the speed wliich is com- 
municated to them.* 

A force of very short duration applied to a mass, produces 
only a shook incapable of displacing it. But this same shock, 
if it be exerted by means of an elastic medium, is transformed 
into an act of longer duration, and without having added 
anything to the quantity of motion, becomes capable of pro- 
ducing work. 

This elasticity intervenes in the animal economy to permit 
the utilization of the very brief act which constitutes ths 
formation of the muscular wave. The formation of the war%. J 

* This action U eiprcBsod liy " ' ■ 
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wLich losta only far some hundredths of a second, rei>resentB 
■be time of applioiition of eac)i elemeut of the force of the 
nmsiJe. At each new wave, there would be produced a true 
tli'jck if the elasticity of the fibre did cot extinguish this 
ubruptness, and transform these jerky little contractions into a 
gradual increase of teasiou which coustitutea the prulout,-'ed 
eilurt of the muscle. 

A motor ooly works on the double condition of duvehipirig 

,n effort, and accomplishing a motion. Thus a musijle whic' 
contracts, performs no external work, except while it is ooi 
traotingi as soon ae It has retiehed the limit of its coutractiun, 
it ceases to work, whatever may be the effort wliich it 
ilope. When we sustain a weight after having lilted it, 
the act of eustainment does not coustitule work. 

ut, in these conditions, to maintain the elastic force of the 
muscle, the same acts are produced in its interior as during 
the work ; the muscular waves succeed each other at short 
intervals, and heat is disengaged by chemical action. Not 
this heat, which cannot transform itself into action, ought 
)main in the muscle, and heat it strongly. I'his is pre- 
cisely what we observe, so that in the malady calted tetanus, 
which consists of a permanent tension of the muscles, 

I ascertained that heat is produced with an exaggerated 
intensity, the temperature of the entire body rising several 
degrcea. 
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CHAPTER VI. 
OF ELECTRICITY IH AKIUAL3. 

Eltetririty Is pmihiccrt in almiat all orKBuiaed liasueg— Electric Miin 
of tha muai'lDB nnd the nerves— Di^chargBs of Bluctlic lishBa ; 
tbecriBi ; dumoustratioD of the etDctric HBtun of this gihcDomriiD 
AD«iogies between tha disiiharge of electrical appdrntus and the Hhock 
of a muscle^Electric tetiniia^ — Rapidity of tha nervous ngeiit iu tUs 
•luctrical Dervaa of tha tuqiedo ; duntioa at its diictiBras. 

Most of the animal or vegetable tissues are the seat of 
ohemicdl actions, whence result an incessouC disengagerneut 
of electrit.-ity. lu this wiiy, the uervtrs and niustles of ua 
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animal furnisH maoifeetations of djnaniio electric-l(y. Mat- 
teucci has discovered the manner in which the muBcuIat' 
current is usually produced. D« Bois Eejmond has added, 
much to our knowledge of this cuTreot, of its intensity, and 
of its direction ia every part of a mustle. Treatises on phy- 
siology give copious details of experiments relative to nervous 
and iDUsciilar electric currents. This study has been the 
mure eagerly pursued becauss the prosimate cause of the 
I'Linciion of the nerves and muBcles was expected to be found 
in these electric phenomena. 

Tlie most interesting fact connected with muscular eleo- 
tricity, with respect to the traasformation of force, appears to 
be the disappearance of the electrical state of a muscle at the 
moment when it contracts, or when it is tetanized. It ajipears 
then that the chemical actions of which the muscles are the 
seat, are entirely employed in the production of heat and 
motion. 

To observe these phenomena, we must make use of a vety 
sensitive galvanometer. Suppose a muscle connected with one 
of these instTuments ; it gives its currents, and deflects the 
magnetic needle a certain number of degrees. When this de- 
viation has been effected, and the needle has become stationary 
in its new position, it is only necessary to produce tetanus in 
the muscle, and immediately the needle retrogrades toward! 
zero. This is whatDu fiois Keymond calls the negative var'ta- 
hon of the muscular current. The same pheuomeno 
observed in the voluntary contraction of the muscles. 

The interpretation of the negative variation is very 
portant. Du fiois Keymond having remarked, that for a 
single muscular shock no deflection of the needle from zero ia 
obtained, concluded that tins ia on accouut of the short dura- 
tion of the electrical disturbance accompanying a shock. In 
tetanus, on the contrary, a series of modifications in the 
electrical condition of the muscle coiTespond to the series of 
shocks produced — their accumulated influence deflects the 
magnetic needle. 

This phenomenon ta familiar to physicists. It is known 
that tlie needle of a giilvanomoter suljecled to a frequently- 
interrupted ourreut, takes a fixed position intermediate be- 
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tween sero and tlie extreme point wliich It would liave occupied 
if the current had been contiuuoua. 

la the muscles ia which tlie shock is protracted, aa ia 
the tortoiae, a very prolon^d change in the electrical state ia 
produced ; and therefore these muscles can by each of their 
shocks cauee a defection, of the magnetic needle. It is the 
same with the movements of the heart ; each of these appears 
to be only a ihoek of the cardiac muscle, and yet it deflects the 
magnetic needle in the same manner as tetanus of an ordinary 
luuscle. This fact, that a negative variation is equally seen 
in a muscle which is contracted voluntarily, is of the greatest 
importance. It confirms the theory wliich asainiilates con- 
traction with tetanus, that ie to say, with a discontinuoua or 
vibratory action. 

One point which has been long under discussioa relativa 
to the manifestations of muscular electricity, is whether the 
negative variation is caused by a change of direction in the 
muecular current, or by a transitory suppression of tliia 
current. Tlie latter hypothesis has been rendered extremely 
probable by the numerous exjierlmenta in which the needle 
of the galvanometer has never been seen to retrograde beyond 
the zero point. Tiius the phenomenon of negative variation 
seems to prove the principle which we laid down at the com- 
mencemeut of tliis article, that force ia manifested in the 
muscles in a different manner during activity and repose, and 
that the manifestation under the form of mechanical work is 
substituted for that under the form of electricity. 

EUclrie fithe*. — Animal electricity appears in a much more 
striking form in the discharges produced by certain fishes. 
In this cose the special organs have for their object the pro- 
duction of electricity; nevertheless, by their structure, their 
chemical composition, and tlieir dependence on the nery-QUa 
system, these organs remind us of the conditions of the mus- 
cular apparatus. 

The number of Bxtecies provided with electrical organs 
, which waa formerly restricted to five,* has been remarkably 

* The five species formerly known were the BJiya torpedo, the Qjm- 
Itotlu electncDB, the Silurua elccUluu^ the Tetraodon Bleclriuiu, and tha 
Tnchiurna eiectriuiu. 
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lncrenseJ eiiice Cli. Robin has shown that all the apociea <rf 
the genus ray Lave electricul apparatus and fuDctioos in & 
more or less rudimeuturv condition. Besides, the analfsia 
of tliis singular act, which is called the tlectric dUcharge, liM 
heen better sludied, as i)liy8ii;i8tB have theiLSelves learued th» 
different properties of the electric agent. 

lu the IBth century, they said,wheu speakingof tlie torjiodo,! 
that "this fish when it is touched throws out a kind of 
veuom which paralyses and beiiuml>8 the hand of the fisher- 
man." Muschenbroeck, in the last century, ascertained the 
electrical nature of the Uirpedo's discharge. Walsh, in 1778, 
saw plainly that the numbness produced by this animal dilfen 
in no respect from that which ie caused by the discharge of an 
electricul machine. He proved by a great numlier of experi- 
ments, that the eflt^ct jiniduced by this fish ie manifestly 
electrical. He subjected the discharge to a series of triala, 
in which it liad tlie same effect uh the electricity dev^ 
hiped by machine. Fur instance, he showed that the animal 
might be touclied wiih impunity, by taking as a medium of 
Gommunioation uou' conductors of electricity. Besides, he made 
the discharge paAS through a chain of individuals holding each 
other by the hand, and all felt the same singular effect which 
is produced by the Leyden jar. 

At a lat«r period Davy obtained with the current of the 
torpedo the deflection of the galvanometer, the magnettxation 
of steel needles placed within a spirul of brass wire traversed 
by the discharge, and the decomposition of saline solutions. 

Becquerel and Breschet verified the same facta in the wire 
of the galvanometer, the current circulating from the back to 
the belty of the animal. 

The demonstration of the spark came still later. Father 
Linarl aad Matteucci obtained this spark by breaking in 
various ways a metallic circuit through wliich the current of 
the torpedo was passing. The most ingenious process is that 
of Matteucci, who made use of a file in the following manner : 
A metailic plate attached to a brass wire is fixed under the 
belly of the torpedo ; on its back is placed a file on which 
cud of a nielallic wire ruba. The animal is then irritated, 
mil one or even eeveral epaiks are aeen in the dark to pui 
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between tbe wire and the file. The produotioa of the spark 
la probably effected when the circuit is broken at the pTecise 
momeDt of the passage of the torpedo's current. 

The use of the file is clearly seen, since the frictioa 
causing the circuit to be closed and broken at very short 
inlerrale, some of them will necessarily coincide with tlie dis- 
charge, as it has but a short duration. Let us olMerre, in 
passing, that the production of two sparks during the discharge 
of the torpedo, shows very clearly that it has on appreciable 
duratioD, measured at least by the time which has elapsed 
during the passage of the wire across two successive t«eth of 
the file. 

A. Moreau succeeded in collecting this electricity on a con- 
denser which aUowed him to measure the variation of the 
intensity of the discharge by the indications of a gold leaf 
eleotrOBoope. We have seen how our acquaintance with the 
electrical phenomena of the torpedo has passed through many 
successive stages, and how the progress of physical iaquity 
has, on this subject, invaded the domains of physiology. 

Nevertheless, the discharge of the torpedo, as the above- 
mentioned experiments have shown, seems like a kind of 
hybrid phenomenon, in which the effects of tension inachines 
appear to be confounded with those of a galvanic battery. 
Wo must, by new researches, endeavour to assign the place 
in the series of well-known manifestations of electricity, which 
the discharge of electric fishes ought to occupy. 

Ckinsidered in a physiological point of view, this pheno- 
menon possesses another kind of interest. The most recent 
diocoveries tend to assimilate the function of this electrical 
apparatus with that of a muscle. If, for example, we com- 
pare the action of the nervous system on the electrical organs 
of certain fishes, with that which the nerve exercises over the 
muscle, we are struck with the following analogies : — 

The electrical discharges, like muscular shocks, can be 
produced under the influence of the will of the animal ; they 
may also be considered as reflex phenomena ; excitation of 
the electric nerve produces the ditehargt, as that of the motor 
nerve produces, the ihock of a muscle ; an entire paralysis 
the electrical apparatus takes place when the nerve is out, aa 
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divided. This paralysii 
pliice also under ihe influence of curare, altliough tiiis poit 
appears to act more slowly OB the electric nerves than 
greater part of the nervea of motion. Indeed, the ehctrie 
telanxu, to employ the happy eipreBsion of A. Moreui 
manifested, not only when the nerve of the torpedo ia 
jeoted to excitationa very ra[iirily succeeding each other, 
also when the animal is poisoned with stryclmme or 
other tetanizing substance. 

It was natural enough to compare the different cells 
lamintB of the electrical apparatus in fishes, witii the element 
of the Yoltaio pile, and following up tliis idea, to inquire what 
was the electro-motive power of each of these little elements, 
(md what were the effects of tension resulting irom the 
association of these pairs. The following is the result of the 
experiments of Matteucci. 

A portion of the electrical apparatus of the torpedo, plai 
<n ToppoTt with the extremities of a galvanometer, gi' 
birth to a current of the same order as that in the apparati 
of which it formed a part. The longer tli ' 
detached, the more numerous must be the elements of thii 
kind of animal pile, and the greater the deflection of the gal-' 
vanometer at the moment of its discharge ; this is produced 
by exciting the nervous fibre which corresponds with the 
small portion of the electricrtl apparatus of the torpedo placed 
on the pads of the galvanometer. Thus far, the analogy of 
the electric apparatus with the pUe is perfect, since the effecto 
of tension increase with the number of elements which 
employed. This analogy holds good with all the electrical'i] 
fishes, when we endeavour to compare the intensity of tlw 
currents obtained in difierent poi'ts of the apparatus. 

In the torpedo it is found that the discharges are at theiF' 
maximum when we touch the two surfaces of its apparatus oa 
the inner side, that is to say, at the thickest part, wliich con- 
tains the greatest number of discs superposed on each other. 
In the gymnotua, whose electrical prisms have so great a 
length, it is found that the discharge is stronger still, 
account of the greater volume and number of the elements. 
It is proportional to the extent of space contained between Ui^ 
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' tiro pcnntfl irhich recoive this impulse. In the silaruB it is 
the same ; a much greater impreasion is made on us wjion 
we touch different pointa of the animal at a greater distance 
from each other. 

In fact, we may receive a. discharge &om a single Burfiic« 
of the electric apparatus of the torpedo, by touching uusym- 
metrical paits, that is to say, points where the number of 
the elements of the pile is not bo great, because of the 
different length of the prisms which compose it. Thus, 
although the polarity may be identical on the same surface of 
tlie apparatus, the fact of the inequality of electric tension 
on the different points of this surface suf&ces to create the 
possibility of a current, and to determine its direction. 

As to the origin of the electric force, we thiiik that no one 
can now see anything in it but the result of chemical actions 
produced in the interior of the apparatus 

But before they arrived at this opinion, phyaiologista ad- 
vanced many hypotheses as the source of animal electricity. 
Thus, when Du Bois Reymonil had shown that the nervous 
tiseue posseaaea an electro -motive force BufBciently powerful, 
and that there exists in living; nerves a current in a constant 
direction, it was thought tltat the voluminous nerves which 
belong to the electrical apparatus of fifihes cany electricity 
to it, as the blood-vessels supply blood to the organs. Mat- 
teucci has demonstrated that a large lobe of the brain of the 
torpedo is the origin of the uerves belonging to its electrical 
apparatus. He has observed that it is poaaible to remove all 
the rest of the brain, without depriving the animal of the 
power of giving voluntary or refles discharges ; but that it 
a lon^r do so when this lobe is destroyed. Ho has for 
this reason named this the electric lobe of the torpedo. 

When a dying animal no longer gave spontaneous dis- 
charges, it was sufficient, said Matteucci, to touch the electric 
lobe in order to obtain discharges more violent than those 
which the animal gave voluntarily during the state of perfect 
activity. 

Nevertheless, the nniion of Matteucci has been exaggerated, 
this thought was attributed to liim, that electricity is 
formed in the brain of the torpedo, and is conveyed by its 
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nerres. It is afl much as to sa; that the motive force is created 
in the brain and conveyed to the muscles by the tierveB of 
motion. The electrici^ of the torpedo haa its origin in the 
special organ of this fish — as mechanical work is originated 
in a muBcle, When we aee the phenomena of electricity 
or of motion produced, the motive or electric nerves fulfil 
only the duty of transmitting the order received from the 
brain ; but the electricity which circulates in the nerves is 
not that which is manifested so eoergetically in the discharge 
of the apparatus. It is, says Matteucci liimeelf, ae if we 
were to confound the effect of the gunpowder with that of 
the priming which has been used in order to fire the chaise. 

llius, the most probable theory is tliat which assimilates 
the electric nerves to those of motion, the discbarge to a 
muscular shock, the series of discharges to tetanus. 

In order to verify this theoiy, we have endeavoured to 
flflcertain* whether Uie nerves of the torpedo carry out the 
commands of the will with the same rapidity as the nerves of 
motion ; if, when the electric apparatus has received the order 
transmitted by the nerve, it heaitates, like ihe muscle, an 
instant before it redacts [lost (iW) : in fiict, whether the dis- 
charge of the torpedo, contrary to those given by tensioa 
machines, possesses a certain duration which may be compared 
to that of the ahook of a muscle. 

It hoe been seen, that heat, cold, the ligature of the arterie% 
and the action of certain poisons modify considerably tho form 
and duration of the muscular shock. If experiment showed 
that ae to its retardation, its duration, and its other phases, 
the torpedo's discharge corresponds with the shock of amuscle; 
if it is proved, that in both cases, the same agents produce the 
same effects, we should be right in assimilating still more 
completely the electrical phenomena with those of motion ; the 
phyaiology of the former would illustrate, in jnany points, 
that of the latter. 

During a stay of a few weeJis at Naples we have been 
Able to sketch out this mode of inquiry, which haa furnished 
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nmlta as yet incomplete, but which tend to assimilate lUe 
^deocrical with the museulor action. These results are as 

1. The rapidity of the uervoua nffent in the electrical nerves 
T the torpedo seems evidentlj- to be the eame as tiiat of the 
18 agent producing motion in tlio frog, 
'llie pUenomeaon called by Hetmholtz hit time exists 

a in the electric apparatus of the torpedo, and lasts about 
a same time iia in the muscle. 

3. The dischu^e of the torpedo is not inetantannouH, like 

Qiat of certain kind of tensLoa el<-ctrical apparatus, but it 

\ i> prolonged about fourteen huudredtlis uf a second ; which is, 

in a remarkable degree equal to the duration uf a shook in a 

frog's muscle. 

We cannot enter here into the details of the experiments 
which have fiimished these results, but we will endeavour, in 
m few lines, to explain the method which we employed. 

Registering apparatus measure the slightest intervals of 
titne ; this we have seen in speaking of the estimated rapidity 
of the nervous agent. But, in order to employ the graphio 
method, we must have motion to give the required signal. 

Thus, in the esperimeiit of Helmhollz, the muscular shock 
itself announced that the order of movement which the nerve 
had to convey had arrived at its destination. 

In order to obtain the sigiial of tlie electric discharge, we 
have employed it to excite the muscle of a frog, the shock of 
which was inscribed on the registeriu)^ cylinder. 

The trace furaished by ihe frog iignal is somewhat delayed, 
it is true, after the excitation hits been produced; but this 
delay is a known quantity, and it can easily be taken into 
account. 

'Hie following is the method adopted to measure with the 
ordinary myograph the duration of th^ different acts which 
precede the disi'harge of the torpedo. 

In a preliminary experiment (fig. 12) the nerve of the frog 
was directly excited, and a note was taken of the lime {» g) 
which elapsed between the iuslant («) of the excitation, and 
ilie aigniil {3) jfiveu by the frog. 

In a second experiment the toriiedo was excited, still at Ihs 
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iustaot \t), and the electricilj of ita discbarges vaa coIleotaSJ 
by means of conducting wires which sent it W ths nerve ( 
the^orr 'ignai. This would give its shock at the point (t). 









The difference (j i) would express the time consumed 
the torpedo hetween the excitetion of its nerve and the die- 
charge. By varying the ejcjwriim'iit, m we have done f«r tlie 
motive nerves fpage 43), we obtain the measure of the 
rapidity of the electric nervous agent, and tliat uf the lost timt 
in the torpedo apparatus." 

Fiually, in order to measure the duration of the electric 
action, we had recourse to a method which consists in c(^ 
leering thia disohnrga during a very short time (1-IOOth of 
secood) to send it to tlie/rap si'jnal, and varj'ing gradually the 
inetaat at which the electricity of the torpedo was collected, 
It was thus ascertained that starting &oui ihe point. (l) one 
might, during 14-1 OOths of a second, obtain a series of signals 
firom the frog — if, t", ("'. ("", but that lieyond tiiat time the 
frog gave no signals, thus proving that the discliarge had 
terminated. 

We have not been able to follow out farther the compari- 
son of the electric with the muscular action; but, according 
to the results already furnished by experiroent, we can foreeea 



* Deprived of Hjipropriate appatatna, rre bare lieen obliged to constraot'l 
Tor ounielvea n, Icind of registering iomnimenl vhich ahnuld measure «luct'^ 
iiiterrHlH o[ time with sufficient prcutsioa. Wo rerer the raad^r, Tor dM ^ 
real rvrmogement of the experiiDeats, to the " Jniinial de I'uiatomie et de 
la physioloftie," loc. cit. Fig, 12 represents tmcings whiuh one would 
obtain, wilb the registering ioetrumeDts already known. 
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that new analogriea will stUl show tlienaelves between these 
two manifeBtatioQa of fbrue in living beiogs, mechtioicul work 
and electricity. 



CHAPTER VII. 
ANIMAL MECHANISM. 

Of the rorms nutlet which mwhanical worit presonli itself — Erery 
nmcbiue ninat bo comdruutiKl with a viow to the kind at work whiob 
it liaa to perform— CorrcapondenoB of the fonn of miucle with the work 
irbich it BccoinpliBheB — TLeory of Borolli— Specifiti fores of muBclea 
— Of machines-, the; oalj change the form of work, but do not 
inoreue itH i^uality— NeiMi«aity of &lteniate moremeiits ill living 
motive powers — Dyuaniical energy otaniiniiled motorB. 

If we have lingered long over the origin of heat, of 
meehonical work, and of electricity in the animal kingdom, 
it waa in order to establish clearly that these forces are the 
Bame as those which are seen in tJie inorganic world. Certain 
evident difiereDees must have struck the earlier obaervera, but 
the progrenB of science has sliown, more and more dearly, 
this identity, which is now disbelieved only by those whose 
tniadB are still under t!ie influence of obsolete theories. 

Mechanicjil force, to whidt our attention must i 
exclusively directed, has hitherto been studied only in its 
origin; we must follow it tlirough all its appliuations to 
work of diOerent kinds which it executes in animal me- 
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In all the machines employed in the arts we must have 
organs which serve as media between the forces which we 
employ aod the resistance which are required to be overcome. 
This vord organ is precisely that which anatoinistB use to 
desiguate the portions which compose the animal machine. 
The laws of mechanics ore applicable as well to auitnated 
motors as to other machines; this truth, however, has to bo 
demonstrated, but, like many othere 
uurecoguized. 




ANIMAL MECHANISM. 



Of ihe formt of mtchanieal work. — When we linve at our'4 
<liB|jus<ll a uertuin qiuiutity of force, it is nocessiuy, in order tO"! 
utilize it, to collect it under conditions wh.icli vary according 1 
to the nature of the efTeots which we deaire to produce. 

We hare aeea that the measure of work actually employed 
ie the product of the reaiatance multiplied by the space 
through which it has to paas. Such a measure, beiiig tlia 
product of two factors, may remnin constant if the two fa<:torB 
vary inversely. So that a conaideriihle weight, raised to a 
■light height, will give the same result of work as a light A 
weight raised to a greater height. 

These will be two different forma of the same qiiuutity ol I 
work ; but, in this cuse, thn form is of exlrenie ini|>ortance. f 
In order that the viirrk apfAird should be available, it is ue* J 
cessary tliat its form shuiill be the same as that of the | 
reaistiug force — that is, of the work required to be done. 

If we have as a movinfj iMtwer a pistuu of a steam engine I 
of large diameter and short length, capable of lifting IOC 
kilogrammes to the height of a centimetre, and that it i 
necessary with this generator of force to lift one kilogramme I 
to the height of a metre, which equally represents a kilo- M 
grammetre of work, the motive force in this machine cannot ' 
be utilize directly ; for at the end of the stroke of the piston 
the weight of a kilogratume will only have been lifted 
one centimetre, and -^g of the force at our disposal will re- 
main unemployed. Every machine, therefore, must be con- 
structed witli a view to the special form under which the i 
resistance to be overcome presents itself. 

It is true that by means of certain contrivances, levers (» I 
wheel-work properly combined, it is possible to cause a oeiw T 
tain quantity of work to pass fi'oni one form to another, and I 
to apply it to the resistanoe to be overcome. But this will ] 
be the object of ulterior study. We have only to consider ai J 
this moment the case in which the force is directly applied J 
to the obstacle which it has to surmount, which is a v 
frequent condition in animated motive powers. 

Let us return, then, to the hypothesis in which the moving 
force of the piston of an engine must be applied directly to 
overcome resistance. Under these conditions the constructoc 
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will be careful to give to the surface of the piston audi an 
area, that the pressure on this surface may be precisely equal 
to the rcBintaoce which it has to overcome ; theu lie will give 
to the cylinder such a length tliat it will allow tlie piston to 
travel just ae far aa the resistance ought to move. It is only 
under these conditions that the machine will do the desired 
work, and utilize all its moving power. On the contrary, 
in the case in which work answering to a kilogram me Ire 
must be done by lifting 100 kilogrammes to the height of a 
centimetre, the cylinder must be made so large that the pres- 
sure of steam on the surface of the piston will develop aa 
effort of 100 kilogmmmes, and such a lengtli only must be 
gjiven to the cylinder, that the movement of the piston may 
be merely a centimetre. 

One cannot substitute one of these forms of cylinder for 
the other, for in one case the force would be insufOcient, and 
in the other, the range would be too restricted. 

The only thing which is equal in both is the amount of 
work that the two machines can do. that is to say, the pro- 
duct of the force employed multiplied by the space passed 
through ; this is again the product of the surface of a section 
of the cylinder multiplied by its length, or, in other terms, 
it is the volume of steani contained in euch machine, this 
vapour being supposed to be at an equal tension. 

This proportion of the volume of the matter which works 
to the work performed, is found in every case in which a 
moving force is employed. 

Two masses of lead falling Irom the same height will do 
work proportionate to their volume, or, which is the aam» 
thing, to their weight. Two threads of india-rubber of ttie 
same length, both of which have been stretched to the same 
degree, will do work proportionate to their transverse seo 
tioDe, and, consequently, to their respective weights. Lastly, 
two threads of tiie same diameter, but of unequal lengths, 
after having been subjected to the same elongation in pro- 
portion to their original lengths, will, aa they contract, do 
work proportionate to their respective leugths, that is to say, 
to their weight. 

This leads to the consideration of muscle, which confurmB 
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rigorously to the general laws which we have just 
The larger a mURcle is, that ie to say, the more extensive ii 
ite surface, the more sueceiitible it is of couaitlerable effort 1 
But, Du tlie other hand, a niiiecle contracts only in pi-oportios fl 
to its own length. We may estimate that t!ie mean sliort^ning; 
of a muscle while contracting, when it is not detached froia| 
the animal, in about a third of Its length when in repose. 
follows that the work dune by a muscle will be in proporticHifl 
to its length and its tranBTeree section ; that is to say, to itil 
▼olume or to its weight. 

Thus, it is possible to ascertain, according to the anatomi- I 
oal characters of a mustle, what is the force which it poB- 1 
sesees, relatively to that of other muscles of the same animt^ J 
and what is the form under which its work is 

The aubstance of the muscles, that ia to say, of red fieah^J 
preseiltfl the same density in the different parts of the animal] 
&ame) in consequence of which the weight is the most exact'm 
and the most expeditioua method of estimating the relative'^ 
importance of two masses of muscle, and of predicting tha 
quantity of work which they are able to execute. 

Afl to the form under which muscular work must he pro- 
duced, it is deduced not less easily from the form of the 
muscle. If it be thick and short, it should produce a strong 
effect multiplied hy a short range ; if it be long and slender 
it will have a more extended range, but will only develop 
feehle energy. 

There are many examples in proof of this law vhiol 
regulates muscttlar action — the sterno-mastoidal, the Barto>9 
riuB, and the rectus abdominis, are muscles of a long ranges ■ 
or, as it may be otherwise expressed, having a great exr'fl 
tent of movement ; they have a fleshy portion of greatS,fl 
length. The large pectoral muscle, the gluteus maximui^f 
or the temporal muscle are large and short muscles, thK^'S 
is to say, capable of a considerable effort, but of slighij 
contraction. 

Borelli already understood the laws of muscular force;, 
without the interveutioa of the notion of work, which was not I 
introduced inio mechanics at the time when he lived; hc'l 
made a very clear distinction between these two oppoait»/l 
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eharnctE'TisticH of the action of a muscle according to tha 
impulse of ils volume or its length. And ob a theory is 
alwajB required to aatiBfy the minii, this author sought to 
interpret these different effects by a theory of the structure of 
the muscles. 

Let us imagine, said he. a mtnu'e chain of metal formed 
of circular elastic rings, end that an estensilG force should ha 
exerted on this chain. £acU ring will clinnge its shape and 
aasunie an oval form, and the whole chain will Ire lengthened 
in proportion to the number of its rings. When it recovers 
itself, under the influence of elasticity, the chain will grow 
shorter again in pniportiou to its length. The minute chain 
of Borelli is the primitive fibre revealed to us in the animal 
economy by the mioroscope. But, said Borelli, if we form a, 
bnndle of a great number of these chains, each one of them 
will resist the extensile force in proportion to the elasticity of 
its rings, that is to say, the thickness of the bundles, and the 
force with which the extended bundle will recover^ itself will 
be in the same ratio. 

We do not reiison otherwise now that histology has shown 
OB, in a muMile, a bundle of fibres whose actions are com- 
bined like the chains suggested by the Naples prolessor. 

Passing to other considerations, this author studied the 
influence exerted by the direction of the fibres on the force 
which they develop. He remarked that the uiuscles whose 
fibres converge obliquely on the same tendon, like the barba 
of a feather on the central shaft, afford neitiier a range nor 
an efibrt proportionate to their length and their sections. We 
have no modification to make of this estimate of the composi- 
tion of forces in the muscular organ. 

0/tht rpecificjorce of iiiuMcleM. — In the machines constructed 
by man. it is not enough to measure the longitudinal and 
transverse dimensions of the cylinder, in order to know what 
quantity of work each stroke of the piston wiU develop ; we 
must also know under what pressure the steam acts. That 
is estimated by the number of atmospheres it can lift as it 
escapes. At other times the force of the steam is measured 
by the number of kilogrammes of pressure which it eierta on 
every st^uare centimetre of the surface of the cylinder. In 
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every case it is an estimate of the specifiti force of a certaniJ 
voliimB of Bteatn which ia to be determined. 

In the same manner, in hydraulic maciiiTies, we muat knoW'j 
the charge of water or its pressure, in order to ascertain thS'l 
work which the machine can perform. 

Physiologists have also sought to determiue tlie specifio 1 
force of muscular tissue in different animals, and to compars j 
with the unit of transverse section of muscle the effort whidi 
it can make. In this manner they have estimated that the 
muscle of the frog would develop an effort of 692 grammes 
(E. Weber) for each square centimetre of seotion ; that hm 
muscle would develop 1087 (Rosier). In the bird the force 
would be about 1200 (Marey) ; in the insect it would be still ] 
greater (Plateau). 

According to Straus Durkbeini, a muscle of the atag-beetb J 
weighing 20 centigrammes would carry, if we measure the'l 
moment of power and tliat of resistnnce a, weight of seveBiJ 

By such estimates as these, we might compare animated ' 
moving powers with machines working under variable pres- 
sures. The frog, we might say, works with a pressure less 
than one atmosphere, man with a pressure greater than o 
atmosphere. There would be a greater pressure in the bird, 
and still greater iu the insect. 

Of maebineM.—'Whfia mechanical force cannot be direc^ " 
utilized, because it is not iu harmony with the form of work 
which it ought to efifect, various means are employed in the 
arts to transform it. Machinery known under Ute names of 
wheels and levers are coutinuully used for this purpose. In 
the auimal organism contrivances are also found which change 
the form of the work of the musctes. The lever is almost 
exclusively used by nature for this purpose. The arrange- 
ment of the bony levers which form the skeleton is so generally j 
known that it needs no explanation here i but there is a ve^ ■ 
common error on this point, even among physiologists, whudff 
it is necessary to point out. 

Almost all the levers which are found in the organism belong 
to the third order, that is to say, where the musculiir force is 
applied between the fulcrum and the resistance. Under thesa 
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conditions, the effort that- can be developed at the estremity of 
the lever is leas than that of the musple ; but the space passed 
tbrouglL by this extremity of the lerer is proportionately 
increased, so that the product of the force multiplied by t)ie 
distanoe remains the same. 

Thus, we find in a great number of standard treatises, a 
aort of accosntioa brouglit against nature, for having entirely 
wasted a great part of the fort^ of our mus<:ies by causing 
them to act under a diaadvantageoue leverage. It is true, 
that to extenuate this fault, they are willing to grant that 
this arrangement, unfavourable in an econcimiciil point of 
view, gives to our muscles an elegance which they would not 
have possessed, if for example, a long muscular bond had 
extended from the sternum to the wrist. These mechnnical 
and festhetio notions ought to give place to more correct ideas. 
We must, above all, remem)>er that a muscle produces work 
corresponding to its volume or its weight, whatever may be 
the proportions of the lever to which it is attached. The 
effect of the latter is only to regulate the form under which it 
produces the work, without adding to it or suhtructing from 
it. An error of the same kind is often committed in con< 
(ddering the part played by levers made use of by man in hia 
ivork. It often happens that human force is unable to raise 
certain weights; we have recourse in these cases to levers of 
the first or second order, in which we increase the power of 
the arm in the ratio of the longer to the shorter arm of the 

In this manner we utilize a motive force which could not 
produce external work if we endeavoured to bring it to bear 
directly on the resiataace to be overcome. But a lever which 
amplifies the force exerted, diminishes as much the extent of 
the work produced ; it adds nothing to the work executed by 
the motive power. 

Before the notion of work had been introduced into 
mechanics, and when it was not clearly understood that it was 
impossible to increase by mechanism the amount of foroe at 
our disposal, many falsa ideas were entertained with regard 
to the part played by machinery. When ne consider those 
Ipgantic masses of atone the pyramids of Egypt, or those 
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blocks, called dolmeos, which our forefathers 
erected in prehistoric times, it was admitted that these 
Titanic works pre-siipposed a very advanced knowledge of 
mechanism. Even now it would require an immense time, 
or an army of workmen, to execute similar works by employ- 
ing only tlie force of man and that of animals. 

We must not imagine that the old Oauls or ancient 
Egyptiana were able to escape from the inevitable necessity of 
employing many men or an enormous lapse of time in these 
labours at the period when the only source of mechanical 
work was that derived from living beings. 

But we live under new and better conditions, thanks to 
the invention of machinery whi^h develops mechanical work. 
In addition to the utilization of natural motive powers, such 
as water courses and wind, man is now able to employ steam 
engines, by means of which a small quantity of fuel does the 
work of a great many animals. It is by tliese means that 
Egypt has succeeded in a few years in cutting through the 
Isthmus of Suez, an enterprise which, four thousand years ago, 
would have absorbed the efforts of many generations. 

Necesilty of alternate motion in living motive poteen. — When 
the piston of a machine has reached the end of its stroke, the 
steam ivhich impelled it must escape, and the piston must 
return in the opposite direction to accomplish &esb work. 
In the same manner, the muscle, after having contracted, 
must be relaxed in order to act alresh. But mechanicians 
have found that in the alternate movements there is a loss of 
work. When a heavy object impelled forward with rapidity 
has to be brought back in the opposite direction, it is neces- 
sary first to destroy the work which it contains, so to speak, 
under tlie form of active force. Precisely in the same manner, 
when a limb suddenly extended ia required to bo rapidly bent, 
the momentum acquired must first be destroyed ; to do which 
requires an expenditure of work. 

To guard against this loss of motive power, raeehanicians 
have recourse, as much as possible, to the employment of 
circular movements instead of motion to and fro. Thus, man 
who is BO often inspired in his inventions by the arrange- 
menta of which nature offers him examples, deviates in this 



ANIMAL MECHANI8M. 



67 



I 
I 
I 



case from his model ; he endeavours to siirpaas it, and he is 
right. To make this understood we cannot do better than 
quote a passti^ in which L. Foucuult compares the HQreV' 
propeller of ships to the organs of swimuiing id fishes : — 

" In our macUinea," said he,* " we have usually a great 
number of parts entirelj distinct one from the other, which 
only touch each other at certain points ; iti an animal, on the 
contrary, all the parts adhere together; there is a connection 
of tissue between any two g^ven ports of the body. This is 
rendered necessary by the fuucciou of nutrition which is 
continually going on, a function to which every living being 
ia subject during the whole of its existence. We can, besides, 
understand the absolute impossibihty of obtaining a con- 
tinued movement of rotation of one part on another, while 
■till preserving the continuity of these two parts." 

Thus, a profound difference separates mechanisms employed 
by nature from those invented by man ; the former are sub- 
ject to special requirement from which the latter can be freed. 
The muscle can only act under the conditioa of being attached 
by its vessels and nerves to the rest of the organism. No 
portion of the body, not even the bones themselves, which 
have the least vitality, can be free from this necensity. 

One might find, in the animal organism, many other 
mechanical appliances, the arrangement of which resembles 
that of machines invented by nian, but with diflereuces ever 
of the same kind as those which we have just described. 

For instance, the circulation of the blood is effected in living 
beings by a veritable hydraulic machine, with its pump, valves, 
and pipes. But the hmdamental difference between this 
compUcated mechanism and machines constructed by man, 
arises from the absence of Independent portions, and especially 
of the piston. The heart is a pump without a piston, and its 
variations of capacity are obtained by the contractility of 
the coats of the vesseb themselves. With the exception of 
this diifcreuce, we find perfect analogies between the circula- 
tory apparatus of animals and hydraulic motive powers. The 
fimotioD of the valves is identical in both in spile of apparent 
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We Lave formerly noticed iu the circulation of tLe tlood 
influBuce which regultttea and inoreneeB the effective work of the 
cardiac puiup ; it depends on the elasticity of the arteries.* 
In hke manner, in hydraulic machines, man has recourse to the 
employment of elastic reaervoirB, to utilize more fully the work 
of punips, and to render uniform the movement of the liquid, 
notnith standing the intermittent character of the motive 
power. This eifeet may be compared to that which we have 
before remarked in the elas''''ity of muscles. 

Dynamic energy of animuUd motori. — Animated motive 
powers and machines are suhject to the aninu estimation of 
work ; it is the dynamic energy of the former as compared 
with the latter. 

The production of exteraal work corresponding to 75 kilo- 
grammetres per second, has been called the horse-poatr, or, 
in more genwal terms, the motive power of one horse, it being 
supposed that one horse could develop the same amount of 
work. 

But animal motora cannot work incessactly, so that the 
horse-power would repreai-nt at the end of the day a much 
greater amount of work than the animal could huve produced, 
had it been employed as a motive force. 

Man ia estimated much lower as to his dynamic energy, 
(^j of a horse-i»wer), and yet, if we only require from the 
muscular force of a man an efiort of short dui'alion, it will 
fii mish dynamic energy exceeding that of a horse-power. In 
fiict, the weight of a man is often more than 75 kilogrammea ; 
each time that the body is raised to the height of a metre 
per second, in mounting a staircase, the man has effected 
during this second the work adequate to one horse-power. 
And if, during several instants, he can give to hia ascent the 
speed of two metres per second, this man will have developed 
the work of two horoe-power. 

Thufl, in our estimate of the work done by the greatest Of 
the smallest animals, we must consider it as a mudtiple or 
fraction of the ordinary measure of horse-power. 
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EmIi miucia of tlie body prtBcntB, in its rarm, b porfeot hannanj with. th« 
u&tDre at the teU which it has to perfonn^-A similu' mascle, in 
diiTerent ijncies of animal*, preaenU (lilToreiices of form, if tlia 
Amctioa which it has to fnlfil in thoee diflennt Bpectes is not tha 
aaino— Variety of peclorsl musclca in birds, according to their manner 
of flight— Variety of umacleii nf the thigh in mammuls, according to 
their mode of loco motion — Was this hnrmony pre-eatablijilisil t — 
Developmeut hypothesis— Lamarck and Durwin. 

TsE comparison between cirdinatr niaiiliinea and animated 
motive powers will not have been mode in vain, if it haa 
shown that strict relations exist between the form of the 
organs and the chorikctera of their fiinotious ; thiit this uor- 
respondonce is regulated by the ordinary lnws of mechanics, 
BO that when we see the muscular and bony structure of ao 
ro may deduce fiium their form all the characters of 
the functions which they possess. 

It is known that the transverse volume of a muscle correa- 
pondM with the energy of its action; that the athlete, for 
instance, is recognized by the remarkable relief in which each 
of his muscles stands out under the skin. But less is known 
concerning the physiological signification of the length of 
the muscles, that is to say, the less or greater length of 
tlieir contractile fibres. And yet Borelli has already given 
the true explanation. In his opinion, as we have seen, this 
length of red fibre is proportioned to the extent of movement 
which the muscle is fitted to produce. 

This distinction between the contractile or red fibre and 
the inert, fibre of the tendon is of the utmost importance. 
Experiment has shown that the muscles when they contract 

e shortened to an extent which represents a constant frac- 
tion of their length. We may, without erring from the truth, 
estimate at ^ of their length, the extent to which a. muscle 
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can contract. Qut, whatever maj be the absolute 
this contraction, it ia always in proportioo to the lungtli 
red fibre ; that is the result of tlie nature of the phenomena 
which produce work in the muscle. 

Thus, every mueule whose two points of attachment ara 
BUBceptible of being mucli displaced by the effect of coDtrao- 
tion, must necesaarilj- be a long muscle. On the contrary, 
every muscle which haa to produce a movement of shott 
extent must of necessity be a abort muscle, whatever may be 
the distance which separates the two points of attachment. 
Thus, the ilwxors of the fingers and toes are short muscles ; 
but they are furnished with long tendons, which convey even 
to the phalanges of the fingers or toes the slight movement 
originated at a considerable distance at tiie fore-arm or the leg. 

It is easy to estimate, in the dead body, the extent of tha 
displacement which a muscle can exercise on its two points 
attachment. By producing the movements of flexion 
extension in a limb, we can ascertain with sufiiciont exi 
noss the extent by which they separate or draw togethc 
osseous attorhnients of its musulss. In a recent skeleton we 
can also judge with sufficient accuracy of the amount of these 
movements by the extent to which the articulated surfaces 
can glide over each other. 

In examining tlie muscular &ame of man we are struck 
with the extreme length of the sartoriiu muscle; it is easy 
to be seen that no other can displace to such an extent its 
points of bony attachment The aterno- mastoidal and 
maijnva rectvt abdominis are, after this, the longest musdesfj 
these also are muscles which have very extensive movementa. 
We might thus cause all the muscles of the organism to paae 
under review, and in them all we should see that the length 
of the red fibres corresponds with the extent of the movement 
which this muscle has to execute. But, in the study, we 
must be on our guard against a cause of error which would 
tend to arrange certain short muscles among those which an 
longer. 

Borelli himself has noticed this cause of error;- be bM I 
shown how penni/orm muscles, that is to say, those whoea i 
fibres are inserted obliquely into the tendon, like the barba of I 
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h feother into the common shuft, are short muscles which 
appear like long ones. These considerations are india- 
peDsable when we wish to understand the actiou of thd 
various muscles of the organism; it is only by this means 
that we con estimate the real leugth of their contractib parts. 

Though the harmony between the form and the function of 
different muscles is revealed everywhere in the anatomy bf the 
human frame, this harmony bocomee much mote striking if 
we compare with each other different species of animulf. 
Comparative anatomy shows us, in species closely allied to 
each other, a eingiUar difference in the form of certain 
muscles whenever the function of these muscles varies. Thus, 
in the kangaroo, essentially a leaping animal, we find ea 
enormous dcTelopmeut of the muscles of leaping, the yluUi, 
the trieepa extensor erurit, and the gattrocttemial muscles. 

In birds the fimc-tion of flight is eiercised under very dif- 
ferent conditions iu diU'crent species ; so, also, the anatomical 
arrangement of the muscles which move the wing, the ptctoral 
muKlet, varies in a very decided manner in different species. 
To show the perfect harmony which exists between the func- 
tion and the organ, it would be necessary to enter into long 
details of the mechanism of flight. The render will find, 
farther on, explanations oa this bead. We will content our- 
selves with giving in a few words the differences which have 
been observed in the movements of the wing, and in the form 
of the muscles which produce them. * 

Every one has remarked that birds which have a large 
surface of wiug, as the eagle, the sea-swallow, &41., give strokes 
of only a slight extent ; that depends on the great resistance 
which a wing of so large a surface meets with in the air. 

Birds, on the contriuy, which have but very little winga, 
move them to a great extent, and thus compensate for the 
slight resislance which they meet with from the air; the 
guillemot and the pigeon belong to the secuud group. If it 
be admitted that the first- mentioned birds must make 
enei^tio but restricted movements, and that the second must 
move with less energy, but with greater amplitude of simke, 
the conclusion arrived at must necessarily be that ilie first 
ought to have large and short pectoral muscles, while in the 
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tliat anatomiste have described under various names the 
muscle in different species. 

Still, ia the greater number of casea, the homology ii 
doubtful; it ie in^plicitly admitted by the fact of as ideoticall 
deaignatioa being applied to certain muficles in differeatiT 
species. These are precisely the uiuscles which we shnll ti 
for an example, to ahow the harmony which exists betweea I 
the function and the organ. 







Thus the ^femoral bicept is easily recognized in all mam- 
mals ; and it varies considerably, especially in its lower attach- 
ment. In certain quadrupeds it is inserted all along the leg, 
almost to the heel ; ia these animals the leg: is never ex- 
tended u]ion the thigh ; in animals which have the power of 
leaping, the lower attachments of the biceps is more elevated; 
it is still more so in the simise, which can almost ^ctend 
the leg upon the thigh and stand upright. In man the biceps 
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is inBerted high in die perinssum. If one can rely on the 
anatoTnicftl plates of Cuvier and of LauriUorf, the negro haa 
the perinteal iDserCion of the biceps not so high as in the 
white man, thus approximating to its position in the ape. 

Neglecting at present the question why there should be 
this variety in the attachment which regulates the motion of 
the biceps, let us content ourselves with considering the con- 
sequeuces which this arrangement may have upon its function. 
It is clear that during the movernent of the flexion and ex- 
tension of the kuee, each portion of the boce describes around 
this articulation an arc of a circle which is larger as it recedes 
&om the centre of motion. It is equally evident that each of 
these points will move to a greater or lees distance from the 
femur or the ischium, according to the extent of the circular 
movement which it executes. And as great movements should 
correspond with long contractile fibres, we ought to find 
inequalities in the length of the biceps in different mammals. 

This is precisely what is observed. In man, whose biceps 
has its lower insertion very near the hnee, the extent of the 
movements of the moveable attachments is not very consider- 
able, BO the contractile fibre will have relatively litUe length, 
while the tendon will occupy a certain part of the extent of 
the biceps. In the ape, the inferior attachment of the muscle 
taking place lower down wUl consequentiy have greater mo- 
bility ; whence the necessity of a greater length of active 
K.le, which Is effected by the tendinous part being shorter. 
In quadrupeds the tendon of the biceps almost entirely dis- 
appears, and the muscle is formed of red fibre throughout 
almost all its extent. 

The rectut interntu muscle of the thigh presents the same 
variability in its attachments and its structure. If we observe 
arrangement ia man (fig. 16), we see at once that the 
attachment of this muscle to the leg is very near the knee, 
and that its tendon is very long. Let us examine the same 
muscle in an ape (figs. IT and 1&), we find that its tibial 
attachment is much farther from the knee, and as a conse- 
quence of the mure extended movements which this uttacliment 
executes, we find that the muscular fibre gains length at the 
eqiense of that of the tendon, which is extremely short. 
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ThiB variability in the point of attacHment is still i 
Doticflable in the ami-tendinottis muecle, which derives its J 
name from the fact that in man, about half of the lengUiJ 




of the muscle is occupied by the tendon. In fact, the inferior 
attochmeuta of the lemi-teiidinostu in man ie very close to the 
atticulatioa of the knee, but in apes, where it is attached 
lower down, the muscle has aliaoet entirely lost its tendoa ; 
it is altogether lost in the greater part of other mammala, in J 
the Coaita, for example. 
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We niiglit multiply indefinitely examples which prove the 
perfect liarmony between the form of the niusfiles and the 
characters of their functioiiB. Everywhere the transverse 
development of these organs is asBocinted with strength, as 
in the ti'iceps of the kangaroo, or the mossetera of the lion ■ 
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everywhere also, the lengfh of muscle is connected with the 
extent of movement, aa in the examples which we have just 

Is this harmony pre-established, or rather is it formed under 
the influence of function in different creatures ? In the same 
manner as we see the muscles increase in volume by the 
habit of employing energetic efforts i we also observe them, 
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under the influence of more extended movements, 
greater length ? Citn we see a disjilucement of the 
attachments of the muscles to the skeleton, under the influence 
of chftngea in the force of muscular traction ? Such is the second 
problem whieh we propose to ourselves, and which experiment 
should be called on to determine. 
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The natural sciences have derived at the present day a 
great impulse from the influence of the ideas of Darwiik 
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Not that the opinions of the illustrious Englishman are yet 
oniTersally accepted ; it has been recently Been with what 
vehemence the defenders of tlie prevalent theory reject the 
development hypothesis. But the appearance of the Darwinian 
theory has excited long discussions ; to tlie arguments which 
Lamarck formerly brought forward in favour of the vari- 
ability of living beings, many others have been added by the 
partizaus of development. On the other side, the old doctrine 
has been maintained with a passion which was little antici- 
pated, so that at the present day, naturalists are divided into 
two camps; almost all who have devoted themselves to the 
study of zoology or of botany have taken one side or the other. 

la one of these camps we find that the old school, those 
who consider the organized world almost unchangeable, have 
retrenched themselves. According to them, tlie very numeroua 
series of animals and plants is limited to a. certain number of 
ipeeies, unalterable types which have the power of transmit- 
ting themselves through successive generations, from their 
origin to the end of time. It is scarcely admitted that the 
species has the power of departing even slightly, and in a 
temporary manner, from tlie primitive type. Those slight 
changes, which are brought about by variations of climate or 
of food, by domestication, or some other disturbing force of the 
same order pass away when the species is again placed under 
the normal conditions of its existence. The primitive type 
then re-appears in its original purity. 

In the other camp the belief is entirely diOerent ; the living 
being is incessantly modified by the medium which it inhabits, 
tlie temperature which it finds there, and the nourishment 
which it procures. The habits which it is forced to assume 
in order to live nnder new conditions cause it to acquire 
special aptitudes which modify its organism, and change the 
form of ita body. And because hereditary descent transmits 
to descendants, within certain limits, the modifications acquired 
by their ancestors, the tpecies is modified by degrees. Lamarck 
was the author of this theory of development, to which Darwin 
and his followers have recalled the attention of naturalists. 
Darwin adds to these external infiuencee, which can modify the 
Bpeciea of animals, another cause which maintains and i 
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these mndifiuatioDS continuallj, when they are advantsgeom 
to the species. This cause is natural selection. 

If the chances of hirth have given to certain individuals a 
slight modiGcation which renders them stronger oi more 
active, as the case may be, but altogether more fitted to main- 
tain tht struggle for exUlftce, these individuals are destined by 
that very circumstance to reproduce their kind. Not only does 
Iheir physical superiority increase their chance of longevity, and 
give them by that means more time to multiply, but, according 
to Darwin, the very existence of a physical superiority in an 
animal causes it to be preferred above others, for the purpose 
of reproduction. Tliua the entire species would be improved 
by successive acquisitions of new qualities every time that an 
individual happened to be bom with better endowments than 
the other representatives of this species. 

The struggle between the old school and that of development 
threatens to endure yet a long time, without either side finding 
a victorious argument to overcome the other. Every ona 
knows the reasons which have been alleged on both sides, and 
for which, in their turn, geology, archieology, zoology, and 
agriculture have been laid under contribution. When and 
hoiv will the strife end? No one can as yet answer thisqi 
tion. Yet, if one might Tentnre a prediction as to the it 
of the combat, founded on the actual attitude of the adverse 
parties, one might predict the defeat of the old school. Their 
ranks are, in fact, thinned every day; they evidently grovr 
discouraged, and seem to avow their inability to furnish proo& 
of a scientific character, by sheltering themselves under an 
orthodoxy that has nothing in common with the dispute. 

One objection might perhaps be brought against both 
systems — ttiat of keeping too much to generalities in their 
discussions, and not bringing sufficiently into relief the promi- 
nent points of the debate. 

Thus, we must allow that Lamarck is much too vague in 
his explanations, when he attributes to outward circuinstances 
the changes in the living organism. Between a need which 
is manifested and the appearance of a form of organ which 
corresponds to that need, there is a hiatus which his theory 
has not fiUcd. Ue tells us that the animal species which we 
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80 ftdinirably adapted, each to the kind of life which 
it leada — provided, accoiding to their necessities, with claws 
ae hoofs, wings or fios, sharp teeth or homy boalt*^— have 
Dot alwa3's lived under this form ; that thej have gradually 
acquired these diverse conformatiuna, which are at iireaent ia 
p*>rf©ct harmony with the cooditionB under whioh they live. 
But, when we ask him to show us a modification of this kind 
in process of accomplishment under an external influence, the 
author of the "Philosoplue Zoologique" has little wherewith 
to fUn^ish us, except modificatious of slight importance ; he 
oljecU that scientific observation does not go for enough back 
into the ages of the world. If we open the tombs of Mem- 
phis and show Lamarck the skeletons of animals identical 
with those which live in Hgypt at the present day, he replies 
without being disconcei-ted : "It is because these animals 
lived under tlie same couditiona as those whicli exist at the 
present time." The answer is as goi>d as the attack, but 
proves nothing. We might carry on the discussion for ever 
ou such grounds ae tlmse. 

Darwin is more precise when he pleads in favour of natural 
i^eetion, Tliere is no one at Ihe present time who does not 
admit the enormous power of selection in modifying the type 
of organized beings. Jlreeders have produced the most 
curious transformations in the animal kingdom, by choosing 
conlinualiy for the purpose of reproduction, individuals pos- 
sessing in n high degree the physical characteristics which 
they desire to impress on the race. Selection produces in the 
vegetable kingdom transformations of a similar kind ; so that 
Darwin has, without giving way too much to hypothesis, 
attributed the principal part in transformation to a selection 
which is made naturally, for the reasons that have juat hi^a 
given. ItuI Darwin, ae well as Lamarck, only considers under 
a restricted point of view the causes of the ti'auafurmation of 
organised beings. Each of the two chiefs of this duatrina 
gives the greatest prominence to the cause of variation whioh 
k» first has pointed out. 

The new school which, by a judicious eclecticism, endeor 
vours to vanko a due partition between these two kinds of 
inSuences, in order to explain by successive traUB&nnatioiM 
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the surprifiing' variety of living Iwiugs, has alrendy furaialied 
important arguments in favour of development. But many 
tavanti, look with auBpidon ou these etudies ; thej consider 
that the immutabilitj and voriabilitj of animal species belong' 
to the domain of insoluble questions. 

It is true, that if we ask the parlizans of development to 
prove experimentally the reality of their doctrine ; if w» 
require of them, for example, to transform the a*» species into 
the horse or anything analogous to it, they are furted to avow 
tiieir inability, and they reply that it is necessary, in order 
to effect this, to exercise modifying influences during millions 
on millions of years. It must indeed have been by very slow 
transitions that the variation of species has been effected, if it 
indeed has taken place. Consequently, in the absence of an 
experimental solution, the development hypothesis can neither 
be proved nor refuted. 

Learned men, whose minds are habituated to rigorous de- 
monstration, are not interested in such queslions ; they hava 
no scientiSc value in their estimation. Aud yet science meeta 
with such every day. When an astronomer studies the in- 
fluences which may cause the heavenly bodies to move more 
slowly ; when he predicts a modification of the orbit of the 
earth after the lapse of some millions of years, or a lengthen- 
ing of the period of rotation of our planet — thangea which 
would a£ect all the inhabitants of the earth with a mortal 
ehiU — this philosopher is Ibteued to. \Vlien he speaks aC & 
cause, however slight it may be, of the retanlatioa of k 
planetary movement, every one understands that if this cause 
shoiild continue during many ages, its effects will be exag- 
gerated by the lajise of time. No one tells this astronomet 
to wait till some millions of years have proveil the acuuracy of 
bis reasonings. ' 

Why should we be more unjust to the theory of develdp- 
ment? It oonnot, it is said, bring before our eyes the trans- 
formation of one animal into another. This is true, but it 
may show us some tendency to this transformation. However 
slight it may be, yet accumulating more and more during 
many ages, it may become as uomplutu a traniiformatioQ aa 
we can imagine. 
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But wbat we have a right to demand of t)ie adrocatea vS 
devBlopment, eveu now, ia that they ehould bIiow ub thia 
tendeucy; that they ehouM bi'irig it before us under llie fornt 
of a aliglit variatiou iu the auatomical characters of iodividuala 
when exiJOHed to certain iufluentes, whith continued from 
(^eueratiuu to ^nerution, would in the end produce tlie moat 
important modiflcationa in tfie apecios. No one deniea that 
the n)oq)ho]ogical characteriatics of iudividuuls are transmitted 
in different degrees to tlieir deaceudanta. The point wliicli 
is to be demonstrated ia tlie manner iu which an external 
cause acts iu order to impreaa on the organism the primary 
modification. Rcsearchea oi' tliis kind belong to ex[)erimental 
physiology, and this science may even now furnish ua with 
some reliable arguments. 

At the time when Lamarck lived, scienti&c logic was not 
very exact in its requirements. In ids opinion, a want whioh 
was felt, originated the organic conformation auited to satisfy it. 

A certain bird which was in the habit of seeking its food 
at the bottom of the water, made constant efforts to lengthen 
its neck, and ila neck grew longer ; another bird wished to 
advance as far as poasible into the waters of a j>ond without 
wetting its plunioge ; the efforts which it made to extend its 
legs gradually gave them the proportions observed in ths 
wading birds (Grallatores). Tlio giraffe, atlemptiug to feed 
on the foliage of trees, gained by tliis exercise cervical veitebra 
of a surprising length. 

Lamarck, certainly, attributed to hereditary descent the 
fimt-'tion of accumulating continually for the profit of the 
species that which each individual liaJ acquired for hia own 
benefit ; but he did not show what the slight acquiaitioa 
was which was made by the individual himself, uuder the 
influence of external circumstances, and of the habits which 
he was forced to acquire, J. Hunter reasoned in a similtu- 
mauner in sciences of a different order. When he wished to 
t<xplain the oicatrixatiun of wouuda and the consolidation 
of fractured bones, he recognized the necessity that new tissue 
should be supplied by the blood ; but why did the blood 
carry these elements to tlie parts which needed them ? " It 
was," said he, " iu virtue of the lUmalut of ntcttiiti/." 
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We seek at the present day to state with precieion the rela- 
tioTi betn-een causes and effects, to ascertain the gradual transi- 
tions whicl) the animiil or vegetable orgnniem is able to pasa 
ttirough when it finds itself placed under new oonditions. 
We have a glimpse of the iofliience which function exercises 
nver the organ itself which produces it. The short and pithy 
formula of Mona. J. Guerin, " Function maket th» organ" ex- 
presses in a general manner the modifying action of function. 
This formula will acquire additional force when supported by 
individual examples. 

It must be shown how the bones, the aniculations, the 
muscles are modified in various ways by the effect of func- 
tions of different kinds; how the digestive apparatus, yielding- 
to very varying kinds of food, passes through transformations 
which adapt it to new conditions ; how a change effected in 
the circulatory function produces in the vascular system cer- 
tain anatomical modifications which may be predicted before 
they take place ; how the senses acquire new qualities by 
exercise, or lose by desuetude tlieir former powers. Tlieae 
changes of fituction under the influence of the function itself 
are accompanied by anatomical modifications in the apparatus, 
physiologically modifiad. 

The first demonstration to be furnished will be to ascertain 
one of these transformations, and to show that it is always 
produced in a certain manner under certain circumstances. 
And if, in the second phase of the experiment, it can b« 
proved that hereditary descent transmits even the least part 
of the modification thus acquired, the development theoiy will 
be in possession of a solid starting-point. 

This seems to be the true course to follow, if we desire to 
obtain a solution of this important question. During several 
years serious efforts have been made In this direction. Having' 
been ourselves lor a long time conversant with the problems 
of animal mechanism, we have often been induced to reflect 
on the reciprocal relations of the organs of locomotion and o( 
their functions. We will tlierefore attempt to show how th« 
skeleton and the niuBciilar Bpparatus harmonize with th» 
movements of each animal under the ordinary conditions of its 
existence. 
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CH-AJTER IX. 

VARlAblLITY OF THE SKELETOS. 

ReKtoni wliicli hava caused the skelvlon to be coDsidered the leust vgrinhU 
part of the organiiitD — Proofa of tbe yielding iiatura of tli« akcUton 
daring life under the inHuenceof thealij^htol praaian, when loiigcan' 
tinned— Origin of the dejireuioiu maA projections which an observed 
in the skeleton -Ori^u of the orticutar surfaces — Function nileathe 
organ. 
Ant one w!io examines tlie skeleton of an animal, aud holds 
in tiis bauds ita osaeoua portions as hard as a stone ; who knows 
how tliese bones liave survived the deHtruction of all the other 
organs, and how they can remain, after the lapse of thouanuda 
of ages, the only vestiges of extinct animals, may naturally look 
upon the ekeleton as the unchangeable part of the orgauiam. 
This skeleton, he argiiea, ia the framework of the body, and 
the soft parts are grouped around it as beat tliey may, reposing 
in its cavities, apreiidiag over its surfaces, but always obey- 
ing a law stron);er tlian their own, and arranging themselves 
in the spsces whitih have been allotted to tliem among the dif- 
ferent portions of the bony structure. 

The observer, liowever little he may be acquainted with 
anatomy, soon perceives on the surface of the bone a thousand 
curious details ; he sees there numerouH small hollows, little 
abodes which seem to have been destined to receive or to slielter 
rome oi^n that lias disappeared. These hollows correspond 
with the origin of the muscles which adhered at these points to 
the excavated bones. Elsewhere there are deep rounded grooves 
which remind one of the channels found in the curbstones of 
ancient wells. A cor<I has also passed in that direction ; it was 
e tendon of a muscle which incessantly glided along that bone. 
But at the two extremities of this humerus the bone is polished 

. if by friction ; in the upper purt it ia rounded like 
sphere, and it is lodged in a cavity of the shoulder-blade which 
it exactly fits. One would say that the movement of these 
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bones had worn the eurfoces smooth ,- Qie bumeru.s oonf iiiuoll^' 
changing its piisition, and turning upon ifa axis, Beems to 
imitate the action ne employ when we wish to obtain by 
means of friction a body of a spherical form. 

It is thus, for iuBtance, that opticians produce the forms 
imd the polished surfaces of convex and concave leoBes. At 
its lower end the shoulder-bone showa the trace of the same 
phenomenon, a small spherical projcclion articulating it with 
the radius; it shows also that there eiisted movements of 
two kinds, and close by, we meet with a siirface cut like 
tlie groove of a pulley ; this, in fact, only contributed to the 
flexion and extension of the fore-arm. 

If we examine the skull we meet with fresh surprises ; here 
every want is foreseen. Beep cavities lodge in their interior 
the brain and the organs of sense. 

The nerves have conduits which allow them to pass through ; 
each vessel creeps along a furrow which forms a canal for it, 
and is ramified with tlie minute arteries whose rich foliation it 
delicately traces out. 

If the bone were not so hard, one would really suppose that 
it had been subjected to external furce, of which it bears, as it 
were, the.impression. But it is in vain to press a bony 
face; it reeiHts absolutely tfae force which is applied to it, 
is necessary to use a saw or a gouge if we wish to make a 
channel in it. How could the pressure of soil parts hollow 
out these cavities which are sometimes so deep ? 

The foresight of nature has prepared everything in the 
skeleton so that it may he disposed in the best possible manner 
to receive the organs to which it offers its solid and 
able support. Such is the natural argument of all those 
who have not seen, with their own eyes, these osseous changM. 
take place, and these channels hollowed out. The anatomist 
as well as the zoologist have nenessarily reasoned in thifl 
manner. They have considered the skeleton as the unalterable 
element of tlie organism, and therefore tbey have derived fpjm 
it the greater part of the specific characters in zoology. 

It must be very difficult to oppose an opinion which hai 
been for a long time received. Thus, when Mens, Charles 
Martin, carrying out and rectifying the ideas of Vic. d'Azir, 
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has §hown that the Iiiimenis of a man or of an animal ia the 
Lomulogue of the femur, but of a femur twisted ua its axis, bo 
that the knee turned behind becomes an elliow, zoologists 
liave replied that this torsion was purely virtual. Instead of 
being the eifeot of a muscular effort, whose slow and gradual 
action haB reversed the axis of the bone, this singiiliii- form 
ia, in their opinion, the result of a pre-established arrange- 
ment of the organism ; for the embryo shows a contorted 
humerus, before mueoular action has been sufficiently developed 
to produce such a modification of its akoleton. 

We might, with greater show of reason, argue In a directly 



No ouo denies at the present day that the bony system ia 
perfectly yielding in its character. 'I'heae organs, which are 
so compact and so hard in the dead skeleton, are, on the con- 
trary, essentially capable of being modified while the organism 
ia living. If wo exert upon a bono a pressure or a tension, 
however slight it might be, yet if prolonged for a oousiderahle 
time, it can produce the strangest changes of form ; the bone 
is like soft wax which yields to all eiternal forces ; and we 
may say of the skeleton, reversing the proposition to which we 
have juet alluded, that it is completely under the influence of 
the oUier organs, and that its form is tliat which the soft ports 
with whioh it is surrounded permit it to assume. 

We are indehted to medicine and surgery for the knowledge 
of important tacts, of which many examples could easily be 
given, Thus, when an aneurism of tlie aorta is developed, 
and it happens to meet in its course the sternum or the clavicle, 
it does not stop at this barrier of bone, but perforates it 
in a few months. The substance of the bone is absorbed and 
disappears under the pressure of the aneurism ; it certainly 
resists less the elfort of the invading tumour than do the softer 
parts — the skin, for example. 

But this pressure of the aneurism differs in no respect 
from that of the arterial blood; the force with which the 
teurismal sac compresses and perforates the bones, is present 
in every part where an artery touches a boue. The same ab- 
sorption of the bony material still goes on, so that the artery 
hollows out for itself a furrow in which it lodges with its dif- 




ferent brannheB, an example of whicli i 
6urAu« of Uie parietal bones of tlie human skull. Even a vein 
is able to form a considerable hollow in a bone. The ab- 
noimal dilatation of those veioB whicli are culled vitrieoat, and 
which is usually produced in the legs, is accompanied with a 
change of form in the anterior Burfare of the tibia ; the bone 
wears the impress of the diluted yeiua. We cnanot Bay that 
these osseous furrows enter into the pre-established plan of 
nature ; that the skeleton had origiually these furrows in 
order to provide for the swollen state which should hereafter 
be produced. Surgeons know that these hollows are formed 
in the bone ef an adult, which was in a perfectly normal state 
before accident had caused the varicose dilatation of the veins. 

It is a similar mechanism which forms along the bones the 
furrows imprinted by the muscles, and which gives to tlie 
perinmum, for instance, the prismatic form by wliicli it is 
characterized. 

The hollows in which the tendons ore lodged are not formed 
beforehand in the skeleton ; it is the presence of the tendon 
which has hollowed them out, and which still maintains them. 
Should a lusation take place and change the position of the 
bone with respect to the tendon, the former furrow which is 
now empty is gradually effaced ; at the same time a new 
furrow is formed, and by degrees assumes the necessary depth 
to allow the tendon to repose in its fresh place. 

But, it may be said, that the articular surfaces, so perfect 
in their structure, eo well adapted to the movements which 
they carry on, are certainly organs formed beforehand. Here 
tlie bony surfaces are clothed with a polished cartilage 
moistened with a synovial fluid which facilitates their move- 
ment still more ; all around them, fibrous ligaments prevent 
the bones from passing the limits allotted to them, and the 
surfaces fi;om separating from each other. 60 perfect an ap- 
paratus could not be formed by the function alone. 

We have here at least a proof of the foresight of nature 
and of the wisdom of her plana. 

Let us turn once more to surgery, which will show us that 
after dislocations, the old articular cavities will be obliterated 
a£d disappear, while at the new point where the head of the 
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Bchinlly plnced. afresh articulation is formed, to which 
nothing will be wanting in the course ot a few inoatfas, neither 
articular cartilages, synovial fluid, nor the ligaments which 
retain the bones iu their place. Here again, according to the 
expression which we used just now, function lias produced 
I the organ. 

80 much for the furrows formod iq the bone. But how 
can we attribute to external influences those decided promi- 
nences which we observe everywhere on the surfuce of the 
skeleton, those apophyses, as they are called, to which each 
muscle is attached. 

The answer is not less easy ; it is Buffii:ieut_ to account for 
the formation of projections on the face of the bone, if we call 
into play an influence contrary to that which we know to be 
capable of hollowing out the indentations. We must admit 
that traction has been exercised on the portion of the bone 
where the projection is obatirved. 

The existence of traction on all the points in the skeleton ti 
which muscles are attached is absolutely evident i it ia clear 
that the intensity of these tractions is proportional to the force 
of the muscles wliich produce them. Thus, it is precisely in 
tlie tendinous attachments of the stronger muscles that we £ 
the more projecting apophyses; a proof that the prominences 
in the bone are intimately connected nith the iutenaity of the 
effort acting upon them. The right arm, more frequently used 
than the left, acquires more decided projections on its bony 
structure. TVhen paralysis of a limb suppresses the action of 
the muscles, its skeleton is no longer under the iitSuence of 
muscular power, and the apophyses become less prominent ; 
in fact, if paralysis dates fi'om birth, the bone remains nearly 
in ila fostal form, which function has not supervened to 
modify. 

Comparative anatomy also confirms this general law that 
the longer the apophysis is, the greater energy it reveals ou 
the part of the muscle which was inserted into it. 

Mons, Buraud de Gros has clearly shown the influences of 
■ muscular function on the form of the torsion of the humerus 
B in difTereut species of fossil and recent animals. Thus the 
H humerus in the mole, the ant-eater, and several other burrow- 
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injr aniijialu is scarcely reco^izalile, 
ridg«B and prc'j'.-cliuoa, eaub of v 
(lowerful muwle. 

The Bkul] and the lower jaw in I 
of a powerful muscular action, 
retains the impression 



3 thickly is it aluilded with ' 
.i:;h gave insartiou to a 



the camivora bear the traces \ 
Id tlie ekuU a deep hollow 
tempoml muscloB ; all , 



around the temporal depression, decided lidges were the solid 
pi lints of attachment of the muscle; a;>uin, a strong and long 
apophyais by the aide of the lower jaw ahowa the Tiolent 
tractile force to wliiih it lias bren subjected in the efforts of 
mastication. 

If the effects of muscular BCtions on the bones augment with 
the intensity of the force of the musi-lea, they do not vary leas 
in proportion to the duration of their action. From infancy 
to old age, the modihoation of the skeleton goes on more and 
more, and even allows ue, to a certain degree, to determine 
the Eige of the subject. 

Mons. i. Guorin baa shown that in the old man the verte- 
bree have longer apophyses, the ribs more angular curves. See. 
Compare the cranium of a young gorilla with that of an adult 
animal; the form wUl appear to yon so different that unless 
you had been told that the two akulla belonged to animals of 
the same species, you would scarcely have believed it. Of a 
rounded form in the young gorilla, it changea its shape in 
the adult ; it assumes a kind of ridge like the creet of a 
helmet ; this is the apophysis into which the temporal musclea 
are inserted. We should never finish if we were to point 
out all the modifications to which the skeleton is subjected 
in different si>ecies of animals ; modifications which from &a 
beginning to the end of life become more and more marked. 

Medicine, in its turn, furnishes us with curious information 
as to these questions, by showing us the sudden development 
of accidental apo]>hysea wliich are called exosloset. In certaia 
maladies which attack the entire body, we see the skeleton 
covered, in a great number of points, with accidental osseoiu 
projections; and almost all these prominences are developed at 
the points of attachment of the muscles, and as they increase, 
they extend especially in the direction in which musculac 
traction is applied. 
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Tlie ourvflfure of the Iiones, or their contortion on thei 
Hxis, is a plienomeuon \rliii'h is frequently otiaervcd. I hnvo 
mentioned (hat Mona. Ch. Martin has deroonstrnted that ii 
all the mammalia, the liuinerus Is & contorted femur, whose 
axis has mode half a turn upon itself; this contortion, accord- 
ing to Gegenbsiier, is less in the fcetus than in the infant, 
and becomes sttU more marked id process of age. It is 
therefore partly effected liy causes which are in action during^ 
*ife; and if it be true that every fcetus brings into the world 
I contorted humerus, it is not leas true that this form may 
be considered as the effect of muscular action accumulated 
&om generation to generation in terrestrial mammals. 

Articular surfaces are particularly interesting to study when 
n-e wish to ascertain the influence of function over the organs, 
e admit that the friction of these surfaces has polished 
them, and given them theii' curvature, it is easy, when we 
consider the moreraent which takes place in each articulation, 
to foresee the form which these surfaces ought to possess. 

The surfaces whose curvature has the greater number of 
degrees, will correspond with the more extensive movements. 
Moderate movements, on the contrary, will only produce sur- 
faces whose curvature will correspond with an aro of but few 
degrees. As a necessary conRe'jueuce, the radius of curvature 
' 1 the articular surfaces will be very short, if the mo' 
ments are very extended ; it will be very long if the movement 
B moderate. 

Let us examine, from llits point of view, the articulations 
of the foot in man ; we see in the tibio-tareal articulation a 
curvature of small radius, on account of the considerable move- 
ment of the foot on the leg. In the tarsus the radius of the 
curvature increases in proportion as the mobility of the bones 
diminishes. The scaphoid shows aiticular surfaces of a great 
radius ; the radius increases still more in the tarso-metalarsul 
articulations, in which the movements are very limited ; then 
it diminishes again in tlie aiticuliitlons of the metatarsals 
with the phalanges, and of the phalanges with each other, at 
^L 9'hich point there is great mobility. 

^M Everyone knows that If the articiiler movement is only 
^B- effected in one direction, the surfaces will curve only in that 
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direction ; Hucli are the trochlear eurfacea, of which the articu- 
latiuD of tlie elbow, the coudyles of the jaw, &o., are examples. 
But if the movement is executed iu two directions at once, 
the Burfoces will present a double ctirvature, and in the ease 
of an iuequality in the amplitude of the mofemeuts, the radii 
of these curvatures will be uueqtial. Thus, in the wrist there 
exist DioYemeots of flexion and extension which are consider- 
ably extensive, but the lateral movements are restricted. The 
result of this ia that in the elliptical head formed by the 
carpal bone, there is a curvature of small radius in the direc- 
tioa of the raoveaients of flexion and extension, wliile, in the 
lateral direction, tlie curvature belongs to a circle of much 
greater radius. 

It is still more interesting to observe the articular surfuoes 
of a eeriea of animals in difierent chisses and species. 
Simitar articulations present movements of very diSerent kinds, 
which must bring about no less important dijlerences in the 
articular suifacea. 

Let UB take, for example, the head of the humerus, and 
follow the changes of its form, in man, in the ape, the carni- 
vora, the herbivora, the birds. We shall see that the perfect 
equality of movement in every direction whith can be exe- 
cuted by the human arm corresponds witli a perfect sphericity 
to the head of the humerus — that is to say, a curvature of the 
same radius in every direction. Among apes, those which in 
walking throw a part of their weight usually on their anterior 
limbs, have the head of the humerus flattened at the upper 
part, as if by the weight of the body. Besides this, the 
movements which are required in walking being more ex- 
tended, the curvature of the head of the humerus iu these 
animalspreaentsits least radius in the antero- posterior direction. 
Tills modiflcation is more marked still in the caruivora, and 
above all in ,the herbivora, the head of whose humerus, flat- 
tened above, presents its short radius of curvature in the 
direction of the movements which serve for walking, and 
'liioh predominate in this articulation. 

Birds possess, in the articulation of the shoulder, two 
movements of unequal extent. One, by which they spread 
and fold their wings, and which carries the elbow sometimes 
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near to the body, and soraetimoa very forward ; the other, 
usually more restricted, ia made in a direction perpendicular 
to the former ; it id that which couatitutea the stroke of the 

Ciuratures of different radii correspond, therefore, to theso J 
two moTOraents of unequal aroplitude ; to tlie greater moT6- 
ment of stretching and foldiug the wing a curvature of short ( 
radius corresponila ; to the leaa eiteiisive moremeut which I 
raises and lowers the wing during flight, there is a corre- 
sponding curved surface of very long radius. The result of j 
this is that the head of the humerus in liirds assumes the 
form of a very elongated ellipse, at the level of the articular i 
surface, 

But the movements of fliglit present in ditferont species 
great variations of amplitude. Birds which liava sail-like 
wings give but very small strokes *with them, while the 
pigeon, at the moment when it takes flight, strikes its wings 
one against the other above and below, producing a clappiiifj; 
noise, tthioh ia familiar to every one. 

To theso variations in the extent of the movements corre- 
spond varieties of surface m the head of the humerus, which 
in birds with sail-like wings has a very elongated elliptical 
Buriace; but in the pigeou it tends to the circular form, and 
very nearly attains it in tlie spheuiscus, an aquatic bird found 
in southern seas, and closely resembling the penguin. 

From all tliis we may gather, that in the form of the bony 
structure, everytliiug bears the traoe of some external influ- 
ence, and particularly of the function of the muscles. There 
is not a single depression or projeetlon in the skeleton, 
the cause of which cannot be found in an external force^ I 
frhich has acted on the hony matter, either to indent it, or ' 
draw it forward. It was not, therefore, a metaphorical exag- 
geration to say, that the bone is subject, like soft wax, to all 
tlie changes of form which external forces tend to impress 
iipcn it; and that, notwilhstandiug its extreme hardness, it 
resists less thau the most supple tissues the efforts which tend , 
to change its form. 

And will this now form, acquired hy means of function^ 
disappear with the iudiviJuuli' Will he not transmit even \ 
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the Blighl«at trace to hia deece oil ants ? Will Lerwlitaty 1 
Jesceut iniike an unique exception with respect to tbeae ao- I 
quired ohartictera ? This appears very improbable, and yet I 
we must admit it, if ve negative the development theory. 
We must bring forward a contrary hypothesis, which would 
1 the ordinary laws of hereditary descent, if we refuse 



to certain anatomical characters the poit 
miesible. 



r of becoming traos- 



We Lave stated that the Itony system is sulject to external 
influences, and especially to those of the muscles, which im- 
press on each bone the form which we observe in iL The 
great variety of forms in the ttkttlttoDs of different animal 
Bpeciefl corresponds, therefore, with the diversity of their 
muscular systems. Thus, whenever in animals of different 
species we find resemblances in certain bones, we may affirm 
that the muscles wliicJi were attached to these bouea were 
also similar. Whenever we observe in an animal, on the 
contrary, a bone of a peculiar form, we may fi'el assured of 
B peculiarity in the muscles which were attached to it. 

But if the muscle and the bone vary simultaneously, what 
can be the cause which influences them botli F It is under- 
stood thttt the skeleton, as it is modified, plays a passive port; 
that it is subject to the form imposed upon it by the muscle. 
But what gives to the muscle itself, an organ eminently active, 
and the true generator of the niecliaiiical foi'ce by which 
the skeletoa is in some degree modified, the particular form. 
which is revealed to ua by anatomy? 

We hope to demonstrate that the power to which the mu^ 
cular system is sulijected belongs lo the nervous system. The 
nature uf the acts which the will commands the musiJeB to 
perform, modifit's the muscles themselves, in their volume and 
their form, so as to render them capable of performing these 
Bjta in the best possible manner. And, as this iieeeuiti/ 
which determines all the actions of animal life, governs the 
will, it is this, which, according to the exlomol condition! 
lUidar which every living beiug is placed, inttueuces its lurin. 
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Knd regulates it according to the lavra wliicli we most aow 
endeavour to make known. 

Nothing in the organic form is under the dominion of 
chance. The epecific varieties of living beings have been too 
often compared to the funcieB of aa architect, who, while 
adhering to an uniform plan, invents a tlioueand varieties ol 
details, us a musician cumpusea a series of variations on a 
given theme. 

In our present inquiry we maj say that the great variety 
which is found in the muscular apparatus, whether in the 
diiferent parts of the body of an animal, or in the homologous 
parts of aniinals of different Bpecies ; for instance, varieties 
in the volume or the length of muscles ; the very unequal 
partition of the red contractile £bre, and the inert, white, 
glistening fibre of the tendon ; that all this is entirely subject 
to the dynamic laws of muscular function. 

Adaptation aJtheJoTmofmuKletto the requirement* of function. 
Normal anatomy can only furnish us with examples of the 
harmony which exists between the form of the organs and 
their habitual function. Experiment alone can show us that, 
by ohanging tlie function, we may hriug into the form of the 
organs modifications which may harmonize them with Lha 
new conditions which may be imposed upon them. It will 
be easy to make experiments for this purpose. From the 
moment when we know in what direction the modificatioo 
ought to be produced, in order to adapt the organ to the 
fuuction, the changes effected in animals placed by us under 
conditions of ^>euuliar muscular function, will derive an im- 
portant significance. But while we wait fur the reuIiKation of 
this vast series of experiments, there are some which we o 
employ even now. Experiments made ready to our hand a 
furnished hy pathological anatomy. 

Medicine and surgery are full of information on this i 
terestiug subject. They show us, for example, that it is 
movement itself which keeps up the exialeuce of tlie muscle. 
A long repose of this organ brings about first the diminutioa 
of its volume, and soon a cliange in the elements which com- 
pose it. Patty oorpUBcles are suhatituted for the striated fibre 
which £)rm its normal elemeut ; at last, these corpuscles, 
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becoming more and more abundant, invnde tlie entire Bub- 
Btance of tbe muscle. This pliaae of altera I ion, or futty dpge- I 
Deration, is followed bj an absorption of the 8iibstiin<» of th« I 
muscle, which disappeara entirely at the end of a certais j 

Thus, not only does the volume of the organ i 
diminish according aa the necessities of ils habitual function | 
require a greater or lese force, but it wholly diaap]>eara when 
its function is entirely suppressed, Tliis effect is observed in 
paralysis, where all nervous action is destroyed ; in certain 
oases of dislocation, h hicb bring closer together the two inser- 
tions of a muscle, so as to render its action useless ; somelimea 
even in fracture and anchyloses, which, by an abnormal ooD' 
nection, render the two extremities of a mnsfle immovable, | 
and prevent any contraction of its fibres. 

But what will happen, if the muscle, instead of losing all 
its function, only experiences a change with respect to the 
extent of the movements which it can execute ? After certain 
incomplete anchyloses, or certain dislocations, we see the 
articulations lose more or less of their muvementH; bk the 
muscles which command flexion and extension only need, in 
such cases, a part of the ordinary extent of their contraction. 

If the tlieory just enunciated be correct, these muscles ought . 
to lose a portion of their length, la order to verify this fact, 
we have only to make a short excursion into the domain of 
pathological anatomy. 

A warm discussion arose, some twenty years ago, as to the 
transformation which the muscles underwent in those patients 
who were afflicted with the deformity commonly known by the 
name of cluhjoot. Sometimes the foot is twisted upon the 
leg, BO that the surface which should be uppermost is next , 
the ground; sometimes tlie foot is so forcibly extended that 
the patient walks conliuually on Its extremity. In all these 
cases the muscles of the leg have only a very limited play ; 
tliey undergo, therefore, either fatty or fibrous transform atioa. 
Among these muscles, those which have no longer any action 
undergo fatly degeneration, and then disappear ; while thon , 
whose action is partly preserved, present only a change as to | 
the proportion of red fibre and teudun. In the tatter oaoft' % 
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the DOQtractiI« Bubstance diminishea in length, and is ra« 
pla(!«d by teudon, wUich ufWn aaaumes a conaidL-rable develop 
meat. 

J. Gueria, wben pointing out the fibrous d^eneration of 
the niuBcleB, thought that he saw in it the proof of a primi- 
tive muscular retraction, which would ultimately have pro- 
duced dislocation of the foot. ThiB eminent eurgeou also 
thought that the alteration of the fibre was the only lesion of 
the muscles in club-foot. Scarpa maintained, on the contrary, 
that in the greater number of cases the luxation of the foot 
was the original phenomenon. 

As to the nature of muscular cliange, all surgeons at preeent 
agree in admitting thut it may Jiave two different forms, and 
that sometimes the muscle undergoes fatty degeneration, and 
in other cases it is transformed into fibrous tiBSue. We are 
eapecially indebted to the beautiful works of Cuvier, for our 
knowledge of the conditioos under which each of thoia 
changes in the muBCulur substance is produced. 

An example will illustrate how the muscles : 
Bceording as their function is suppressed, or simply limited 

The muscles of the calf of the leg, or gaBtrocnemians, are 
two in number; their attachments and their functions are 
Tcry diflerent. Both are inserted below in the caloaneum, by 
the tendon of Achilles, and are, cousequenlly, extensora of the 
foot on the leg. But their superior insertions are different ; 
the lohua, having its insertion exclusively in the bonee of the 
leg, has no other office than that of extending the foot, as we 
have said before. The twin gastrocneniii, on the contrary, 
being inserted in the femur, above the coudytes of that bone, 
have a second function, that of bending the leg upon ths 
lliigh. 

Let ue suppose that anchylosis of the foot has been pro- 
duced ; it entirely suppresses the function of tlie soleus, which 
])asBes through the fatty degeneration, and diaappeara. The 
two gastrocDeraii are in a different condition ; if their action 
on the foot has ceased, there still remains their function of 
bending the leg on the thigh ; these musclee have, therefore, 
only one of their movements reduced in amplitude. Coa- 



I 



I 
I 

4 



98 



AMMAL MECHANISM. 



nequenlly, under auch conditions, the twin museles lose only i 
a part of the length of tlieir fibres; they undergo what e 
geona call partiiil fibrous traaaformatlon. a modification which j 
is onlj a change of proportion between the red fibre and tha 
tendon. 

Those who are aecustomed to regard pathology aa a com- , 
plete infraction of phj'sical lawa, will perhaps be astonisheil 
to see us search among these cases of dislocation and aneliy- 
loaia for the proofs of a law which regulates the form of the 
muscular system in its normal state. It would be easy to 
show that these scruples have no foundation ; but it will be 
better still to bring forward other exnmplea which may not lie 
open to the objections so often urged against the applications 
of medicine to pkyaiology. 

It is again from J. Guerin, that we must quote the facts ' 
of which we are about to sjieak. ^ 

When we examine the muecular system at different periods ' 
of life, we find that it varies greatly in its aspects. It seems 
that the muacles have distinct ages, aud that, formed at first of , 
contractile substance, they lose by degrees, as they grow 
older, their red fibres, which are repluijed by the white and 
glistening fibres of the tendon. 

Tlius, the diaphragm of a child is principally muscular, 
while in the old man the aponeurotic centre, the true tendon 
of the diapliragm, is extended at the expense of the contrac- 
tile fibre. Tlie substitution of tendon for muscular fibre la 
still more marked in the muwles of the leg in infancy: they 
are relatively much more rich in contractile substance than 
during adult age. In the old man, in fact, the tendon seenu 
to invade the mu-^ole, so thiit the portion of the calf of the leg 
which remains is placed very high, and is very reduced in 
length. The muscles of the lumbar and doraul regions present 
the same character ; in old age tliey are poorer in red fibre, 
but rioher in tendon. 

What tbeu, b ihn change which takes place in the muscular 1 
function during the difiei ent periods of life ? Every one knows . I 
that, except in the very rare ca^ea In which the man keeps up 
tlie habit of gjmoBBtic pseicisos, the muecular function be- 
comes mLTe and uiorc reslrlcted — at least, as i'ar as the eictent j 
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of moretneiit is concerned. Tlie articulations of the limbs, and 
those of the vertebral column, undergo normally a sort of , 
mplete anchylosis, which continues to lessen more and 
e the flexiltili^ of the trunk. 

Look at a jouug child tossing about at his ease : one of hia 
movements is to play with hia foot ; to take it in hia hand) i 
tnd cany it to bis mouth appears to him very natural, and as 
aasy as possible. In the adult, the muaculitr force attains ita 
maximuiQ ; but the movements ore not so esteuaive as 
infancy; man has no longer, as is well known, tlie same | 
flexibility in his limbs. 

The old man can neither etimp readily nor oomplelely J 
draw himself up ; his vertebral column has lost its supple- i 
neas; he takes only short steps; to sit down on the ground, i 
with the knees raised, is to him extremely difficult ; and if J 
ire examine the extent of flexion and extension in his foot, ( 
we And that it has become very limited. 

The function of the muscles, therefore, changes with the i 
different periods of life, and Incoming more and more restricted, 
employs continually leas contractile fibre. It is thus that the 
muscular modification of which we have been Hpeakiug is 
naturally explicable. This modification, which consists in the 
increase of the tendinous element at the expense of red fibre, 
may be prevented by keeping up tlie extent of muscular 
movements, by means of suitable exercise. 

Let ua novv return to comparative anatomy. Since it 
shows ns perfect liarmony between the form of the muaoloa ia 
different species of animals and tite characters of muscular 
function in the same species, the most natural conclusion seems 
to be that the organ has been subjected to the influence of 
fiinction. 

If the race-horse is modified in its form by the special exe^ > 
cise which is called training, is it not an evident proof of th« | 
influence of function on the anatomical characters of the ] 
organism ? And if a f^pecies, thus modified artificially, 
returns to the primitive type when replaced under the con* 
ditions from whicli it had been taken, is it not the counter- i 
proof of the theory which assigns to function the oflice ul | 
a modifier of the organ F 
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These very facts are, however, tnterjiretej in an ( 
flense by the purtiHans of tlie invariabilify of species ; tUey 
Beem to find an unannwerable argument in support of their 
cause, in the return to the primitive tj'pe, when tlie modifying 
influences have cenaed. 

To what conclusion can we come when we meet with these 
contrary opinions ? It must be that tiio partisans of Jovtlop- 
ment have not completed their task, and that they ought to 
add new proofs to those which they have already given. It 
ifl to experiment that the principal part belongs, while theory 
ia not without its importance ; by causing us to foresee in w hut 
manner a certain kind of function ought to modify a muscle, 
it will give its proper value to the modification which may 
Bubsequently be obtained. Indeed, without theory, the ex- 
perimenter can seldom recognize the modification which he 
has observed. We seldom find in anatomy anything but 
that which we seek for, especially when we have to do with 
slight variations like those which we might hope to produce 
in the organism of an animal. 

The experiments to be tried are tedious and troublesome; 
their plan, however, is easy to trace. 

If man, adupting to his necessities the domestic animals, 
has already succeeded in modifying their organization within 
certain limits, he has produced these changes, as we mity 
say, fortuitously. Only intending, for example, to obtwin 
draught horses or racers, it was not necessary to placa 
the species under conditions entirely artificial. This must, 
however, be done, if we aim at elucidating the problem of 
which we speak, and of carrying to the farthest possible 
limit, changes in the conditions of the mechanical work of 
animals. 

Man has utilized the aptitudes of diiferent animals, rather 
than sought to give them new ones. It would be necessary 
to do violence to the habits of animals, and to constrain 
them gradually to perform acts to which their organism is 
but slightly adapted. If, in order to get its food, a sjiecies 
with an organization tinsuitable for looping, should be com- 
pelled to take leaps of gradually greater height, everything 
leads us to suppose that it would acquire at length great 
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focllitieB for leaping;. If the descendants of these animala 
retained any of the power of tlieir ancestofs, tliey might per- 
haps, in their turn, develop still more this faculty of leaping. 
Graduating thus the effort imposed on thia particular species, 
no longer in a utilitarian point of view, which there would 
be uo inducement to surpass, but requiring iudefitiitely mora 
force or greater estent in the play of the musclea, we might 
hope that the anatomical development would increase indefi- 
nitely, and that we might obtain something analogous to that 
which is now called the passage of one species into another. 

What we have said of the muscular function applies to all 
the rest. By modifying in a gradual manner the conditioDS 
of the food of animals, as well as those of light and dark- 
ness, temperature, and atmospheric pressure under which they 
may be made to live, we may impress upon their organism 
modifications analogous to those which zoologists have already 
observed under the influence of climate, and of the various 
atmospheric conditions and different altitudes in which animals 
have been placed by nature. These changes, brought about 
by well-managed transitions always tending to the same end, 
would have a chance of producing considerable transformations 
in animal organ izitioD, provided that, by persevering determi- 
nation, these e£K)rts were indefinitely accumulated ; as in tha 
case of breeders of animals, who use similar means for the 
production of selected kinds of stock. 

^V6 will proceed no farther in the field of hyiwthesis, but 
we will, in txtnolusion, make an appeal to zealous experimen- 
talists. Many who have been convinced of the great import- 
ance of this enquiry seem already to be engaged in this 
enterprise. What question, in fact, can more nearly 
the human race than this : Can our ipeeUt be modified t 
According to the tendency which may be given to it, can it b4 
directed either towards periection, or degradation? 



< 
4 




BOOK THE SECOND. 

FUNCTIONS : TERRESTRIAL LOCOMOTION. 



CHAPTER I. 

OF LOCOMOTION IN GENERAL. 

I^'liditions cominiin to all kinda of locnmotioii— Borelli's comjisTunn" 1 
Hjpnthciiis uf tlie rmtiliuu of th» ground — ClisaiHi^tion of tlie uiodM J 
nf locomotioD, acconiing to tlie naturp of tlio point of TeBistan 
tfiroatrinl. aijiiatin, andutriil lucomotion — Of thepurtitionofmuacular J 
fcirtc between thti jiojiit uf nuutjinre aiiil tlio iiiiUH of the bwlf — l*!*^ i 
iliictioa of uacltss wink kLcd ttii? piiiuC of reEiatance ia mov&ljle. 

The most striking niauifestation of movement in the dif- 
fereut species of aiiitnals ip assuredly Ircorootion : llie act by 
whith each liviafr creature, according to ile aduptation to outr 
ward circ-umBlHucen, uioTee on iLe eai'tli, in Uib water, ot 
tlirougli tLe air. Therefore it is more cou'veiiient to study ■ 
moyewent witli regard to looumotion, for we cuu tliua obeerrQ I 
it uuder tlie moet Taried types. 

At tlie commeneemeut of these Btudies we otiglit to consider 
the general charaiteriBticB of the fuuction wiiifh is to ociupy 
atlentior, and to poiut out the general Inwa wliich ar6 to be 
found ill all the niodea of animal luconiotiou. But what can 
bo more diiRcult ihau to nBceriuio the common fetilureB whiuh 
unite ubt« so different as those of flying and of creeping, aa 
tbe gallop of a horse and tbe awimniiug of i> iiali ? Still tltia 
Las beeo frequently attempted. Borelli has eudearoured to 
represent tLo various modes of terrestrial lucoaiotion, by the 
dijfereut methods nbich a boatman empkiyB to direct bia boat 

Tbia comparison may, with some additional developments, 
lerve to e2i>liiin ihe luet^baiiibm of the principal Ij'pes of lot!» 
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Let us suppoBe a man seated in a boat in Hie midst of a 
tranquil lake. Under tlic^e conditions, liia ekifTwiU remaiiC 
perfi5Ctljr niotionless. If be niBhea to advance, he must find 
what ie culled a point of reaiatance. Suppose him to be fur- 
nished with a pole, he wilt plungie it towards the bottom of 
the water till it reaches the gronnd ; then, making an effort, 
Bs if to drive from him this resisting body, he will cause hia 
boat to move in the opposite direction. This progression with 
the point of resiatance on the ground is similar to tho ordinary 
conditioDS of terrestrial locomotion. 

If the boatman be provided with a boat-hook, he will 
get his point of resistance under different conditions. Laying 
hold of tlie branches of trees, or the pnu'ections of the shore, 
he will drag bis pole towards himself, as if to bring near to 
htm the bodies to which it is fastened; (ind if these bodies 
resist his eiforts, the boat alone will be displaced and drawn 
towards tliem. 

Here ore Iben two opposite modes of prngresaion with 
bearings on soUd bodies ; in one the tendency is to repel, in tbe 
other, to draw them nearer : the effect is the same in each case. 

But if the take be too deep, or if the ahorea be too distant 
to furnish the boatman with the solid fulcrum which he had 
used before, the water itsi^lf will serve as a medium of 
resistance. The boatman, armed with a flattened oar, endea- 
vours to drive the water towards the stern of his boat ; the 
water will yield to this impulse, but tlie boat, impelled in 
an opposite direction, will go forward. The various kinds of 
paddles fur steam-boats, the screw, in fact, all nautical pro- 
pellers, present this feature in common, of driving the water 
backward, in order to produce in the boat an impulse in llie 
contrary direction, and to cause it to advance. 

Instead of an oar acting on the water, we may suppose tbe 
boatman provided with a much larger paddle with whit-h he 
might drive back the air at the stern ; he will propel his 
boat on tho surface of the luke. He might make progress 
also by turning a large strew like the sails of a wind- 
mill, or by agit<iting at the stern some large fan whiuh would 
drive the sir in the direction op[)0Bed to that in which Iw 
desired to furce bia boat. 
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In all these modes of locomotion a force ia expended nhioh 
impels in opposite directions two bodies more orlessreeistiD^; 
tlie one ia tlie fulcrum, the other the weif;ht to be displaced. 

Old writers called the force acting on the boat re action — 
they considered it as an efi'ort cnianating from the soil, tha 
water, or any resistance whatever to which the effort of th» 
8 applied. We can now understand clearly that all 
the motive force is derived from the boatman. This force can 
have as its result, either tlie repulsion of two points to which 
it is applied, or their approach to each other. In these two 
e of the points may be fixed, it is then the other which 
will be diaplaced ; or the two points may be movable, and 
then, according to their unequal movabilily, one of them will 
be displaced more than the other. 

This general principle can be applied to all coses of loco- 
motion i it will be suiBcicnt for us to notice that w bich is 
essential in all the tj'pes which wo shaU consider. 

The most natural classification seems to be that which ia 
based on the nature of the point of resistance ; accordingly, WB 
may distinguish three principal forms of locomotion — terrts- 
trial, aquatic, or aerial. But in each of these forms, what ft 
variety of mechanism we shall meet with ! 

If it be true that walking and creeping are the two 
principal types of terrestrial motion, that suimming corre- 
sponds with the more habitual mode of aquatic locomotion, 
and flight with aerial locomotion, it is not less true that in 
certain media many kinds of locomotion are employed. Thus, 
walking and creei)ing are used both on the earth and in the 
water \ flight is habitually performed in the air, and yet 
certain birds take a decided flight in the water. 

In fact, if we were compelled to assign to every animal its 
partioular type of locomotion, our embarrassment would be 
as great as if we were classifying these movements. Som.s, 
indeed, move with an equal facility on the earth, the water, 
and in the air. We will not therefore attempt a strictly 
methodicnl classification of the dilferent modes of locomotion 
of which we are about to take a rapid survey. 

Terrettrial locomotion furnishes two principal types : in on4 
the elibrt consists in pressing on the ground in the direction 
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opposite tn the intended moveinent; this is the more usu^il mode 
ot iocomotiou ; walking, running, leaping, belong to this first 
form. For this purpose the limbs serving for locomotion are 
compoBed of a. series of rigid levers, susi^eptible of change ia 
length ; tliej can be shortened by tlie angular flexion of the 
BiticulatioiiB, and they grow longer by being drawn up. If 
the leg when lieut touches the ground at its eitremity, and if 
a muscular elfort be mnde to produce the extension of the 
limb, this tan only be effected by removing to a. greater dis- 
tauoe from each other the ground on which the exlremity of 
the log rests and the body of the auimiil which is united 
to the base of I hia limb ; the ground offers resiHtnnce. and the 
body, j'iehling to the impulse, ia displaced. Siimetimes the 
displacement in terrestrial locomotion is effected, not by a 
change m length, but by a. simple change of the angle formed 
between the limb which causes the motion and the body of 
the animal. 

In the second type, namely creeping, a tractile effort is pro- 
duced ; the animal la) s liold by a part of its body on an ex- 
ternal fixed point, and tlien drags the mass of its bulk towards 
this point. Let us tnlie a snail, and place it on a piece of 
trannparent glass ; at the end of a few moments the animal 
bogiua to crawl. If we turn the glass over, we shall see 
through the plaia the details of its movements, Throiighorit 
all the length of its body appears a series of transverse bauds, 
alternately pole and deeply coloured, opaque and traiixpareut. 
These banils are transmitted by a coutinuol motion, from tiia 
tail to the head of the animal ; they seem like the spirals of 
a ei^ew which turns incessantly in the same direction. If we 
fix our att4iulion ou one of these b.inds in the neighbourhood 
of tUa tail, we see it pass towards the head, which it 
roaches in Eileen or twenty seconds, but it is followed by 
a continued series of bands which seem to spring up behind 
it as it advances. These bands remind us of the muscu- 
lar wave and ita progress through a contracting libre, only 
with greater dimeusjons. Encii time that a wave arrives 
at the cephalic region of the animal, it disappears, producing a 
forward motion of the head, which slips a little on the surface 
of the glass and advancea slightly without auy retrogresttiuu. 
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It appears titat the cephalic region lays hold on thu fixed 
point towards which all the rest of the body is dragged for- 
ward, la fact, in the posterior region an opposite phi^uome- 
non takes place ; each nan band which takes its rise there, is 
accompanied by a backward motion of that region, which move* 
aa if it were drawn by a longitudinal retraction of the con- 
tractile tinsuB. 

Other modes of creeping are not less curious ; that, for 
example, which takes place in the interior of a solid body ; 
as a worm, when it adTances in the tubular cavity which it 
has hollowed out in the ground. The hinder part of the body, 
soft and estensible, ia aseureUly of much less size than the 
cavity of ttie hole from nhich we endeavour to pull it, and 
yet the worm resists the force of traction, and breaks rather 
than be drawn out. I'his is beciiuse, within the ground, 
the anterior portion of the body, shorteued but swollen, dilatea 
within the passage, and tnds there a solid point of resistance. 
If we let the worm go we shall see it rapidly shorten its 
body, and withdraw the rest of it into the ground, being 
dragged backward towards the anterior portion which has a 
firm hold on the soil. 

By the side of the action of creeping we may naturally 
place that of eHmbing, in which the anterior limbs seek to lay 
hold of some elevated projection, and as they bend raise the 
rest of the body of the animal. The hinder part then fixes 
itself in ita new position, and the anterior limbs, tlius set free, 
seek, higher up, a fresh resting place to make a new effort. 
What dilferent types in theee two modes of terrestrial locomo- 
tion ! The varieties are so great that we can scarcely giva 
an exact idea of them, except by describing the mode of pro* 
greasion adopted by each particular animal. 

LoeomotioH in water presents a still greater direreity. I& 
one ease, we see a fish which strikes the water with the £at 
of its tail ; in another, a cuttle fish or a medusa, which, com- 
pressing forcibly its pouch full of liquid, drives out the water 
in one direction and propels itself in a course directly opposite ; 
the same phenomenon is producedwhen a molluek closes rapidly 
the valves of its shell, and projects itself in the direction opposed 
to the current of water which it has produced. The larv» of 
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dragon-flieHexpellrom their intestines ftTerystrongjetof liquid, 
aud acquire, by this means, a rapid aud forcible impulse. 

The oar ia found in maoj insecta which move on the sur- 
face of the water. A contrivance ia employed by other 
animalB, which reaemblea the action of an oar used at the 
titern of B boat in the process called teulting. Tu tliia 
Intler motive power may be referred all those movements 
in which an inclined plane ia diaplaced ia the liquid, 
and £nda in the reaistance of the water, which it preases 
obliquely, two component forces, of which one fumiahes a 
movement of propulsion. This mechaniara will require soma 
explanation ; it will be found iu its proper place, with aJI 
the developments which it afibrda. 

Aerial locomniion. This mechanism is etitl the same; the 
motion of an inclined plane, wliich causes motion through 
the air. The wing, in fact, in the insect as well as in 
the bird, strikes the air in an oblique manner, repela it in a 
certain direction, and gives tlie body a motion directly oppo- 
site. Willi tbe exception of certain birds which spread their 
wings to the wind, and which, hovering thus without any 
other effort than simply steering, have received the picturesque 
name of hovering or sailing birds (oiseaux voiliers), all 
animals move forward only by an effort exerted between two 
masses unequally movable. It can be easily understood that 
if one of these points where the foroe ia applied is absolutely 
fixed, the other alone wiU receive without diminution the 
motive work developed ; such is the condition of terreetrial 
locomotion on soil perfectly solid. But we can understand 
also that the softness of the ground constitutes a condition uo- 
favourable to the utilization of the force employed, and that 
the extreme mobility both of the air aud the water offer still 
lees favourable eonditiona for swimming or flight. 

But this mobility of the point of resistance varies with the 
rapidity of the movement; so that a certain stroke of the 
wing or the oar, which would be without effect if produced 
slowly, would become efficacioua by its very rapidity. 

In different kinds of locomotion, the resistance which it 
ia necessary to overcome in order to displace the body, does 
not vary less thou that which eeiTes as an extei-nal point of 
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rosistfince, Tliia varluljility depends on many cnitsps. Tlm% 
ditfereut kiDds of auimals, when they move, have not to 
Btruggle witli the same effort against their weight. The fish, 
which is of neRrly the aame specific graviry aa watpr, finds 
itself suspended in it witliout having to exPTt any force; 
and if it wishes to move in any direction, it has only to 
overcome the resiatnnce of the fluid which it is necessary 
to displace. Tlie bird, on the contrary, if it desirea to sus- 
tain itself in the air, niust make an effort capahle of 
neutraliKing the action of its wei),'ht. If it niovea forward 
at the same time, it must perform, in adUilion, the work 
which is consumed in overcoming tlie resistance of ihe air. 

Partition of mwwidar force beliceen tka pnint* of misttinca and 
the tnau of the body. When, in phjisiology, we seek to M- 
timate the work of a muscle, we fix it tirmly by one of its 
altuchmenta, and we ascertain the extent passed through 
by its movabio extremity. If we know the weight which 
this miiscle can niiae as it contracts, and the extent through 
which that weight is roised, we have elements by which we 
can estimate the work effected. But these are almost ideal 
conditions, which are scarcely ever found in terrestrial loco- 
motion ; nor cuu we observe them in animals which move in 
the water, and more especially in those which fiy through the 
air. Let us only compare the effort necessaiy to walk on a 
movable soil, on sandy dunes, for instance, with that required 
in walking on firm soil. Wo ehnll see that the mobility of 
the resisting surFuce presented by the sand destroys a port of 
the effort necessury fur the contrsctioa of our muscles; in 
other trords, that a greater efTurt'ia necessary to produce the 
same useful work, when the point of resiatauce is not atable. 

This amount of work is easy to be understood, and even to 
be menaured. 

When a man, while walking, places one of his feet on the 
ground, the correKponding leg, slightly bent, drans itself up, 
and pressing on the ground below, gives at the aame lime an 
Mpward impulse to the body. If the ground entirely resist 
this pressure, all the movement produced will be in the 
direction of the trunk of the body, which will be raised 
to a eertHin height, three ceutimetres fur example. But if 
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the ground sink two centimetres uniJer the pressure of the 
toot, it is eviijent that the body will only be raised ona 
centimetre, and the useful work will be dimiuished by two- 

The compression of the eoil under the foot certainly con- 
stitutes wurk, according to the mechanical definition of this 
word. In fact, the eoil, as it yields, offers a. certain resist- 
ance. This resistance must be multiplied by the extent to 
which the soil is indented, in order to ascertain the value of 
the work acoomplislied in this direction, iiut this work ia 
absolutely useless with respect to locomotion : it is an entire 
loss of the motive force expended. 

When a fish strikes the water with his tail, in order to 
drive himself forward, he executes a double work ; a part 
tends to drive behind him a certain mass of fluid with a 
certain velocity, and the other to drive the animal forward in. 
spite of the resistance of the surrounding water. This last 
work alone is utilized ; it would be much more considerable 
if the tail of the animal met with a solid poiut of resbtonoe 
instead of the water which flies from before it. 

Is it poasihle to measure the diniiuution of useful work 
in locomotion, according to the greater or less mobility of the 
point of resistance ? 

If the ground on which we walk resist perfectly, it must be 
admitted tliat no part of the muscular work is lost; but in 
every case in which a displacement of the resisting surface 
exists at the same time as that of the body, it is necessary to 
determine the law according to which this partition is made. 
A principle established by Newton regulates the science of 
mechanics ; this is that " action and re-action are equal." 
Does this mean, in the case before us, that half of the work 
is expended on the resisting surfac*. and the other half on 
the displacement of the body of the animal t This cannot be 
true, if we may judge by the many cases in which a force acta 
on two bodies at the same time. 

Thus, in the science of projectiles, the motive force of the 
powder — that is to say, the pressure of the guses which an 
disengaged in the cannon, acts at the same time on the pro- 
jectile and on the piece, giving these masses a velocity in 
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oppoBite directions. TIiub, the momentum (M.V.) is e<iiiall^ 
divided between the two projectiles, ho that the moss of tlie 
cHtinoa and of ite carriage, multiplied hj the velocity of the 
recoil which is communicated to it, ia equal to the mass of 
the pnijeutile multiplied by tlie velocity of propulsion nhich 
Lb the cannon weighs much more than the bull, 
the velocity of its recoil ie much less than tliat commuui* 
Dated to the projeotile. 

As to the uork developed by the powder Hgainet the oonnoa 
and against the ball, it ia divided very unequally between 
these two masses. 

In fact, the work produced by an active force being pro- 
portional to the square of the velocity of the mass in motion 
(its formula is ^'), calculation, shows that this work, when 
the piece weighs 300 times more than the ball, would be 300 
times greater for the ball than for the cannon. 

Wh shall return to tliese questiouB, when in considering the 
pBrlicular kiuds of animal motion, we enter on the iuvestiga- 

u of human locomotion. 



CHAPTEn 11. 

TERRESTRIAL LOCOMOTION (BIPEDS). 

1 typos inorder to stuily terrBBtrinl locomotion— Hnmmi 
in— Widking— PrcBGUie excrteil on llio ground, iU dumtioa 
and iuteuHilj — Re-iu:[ioDS on tbe bod; during walkjug— GrapbJa 
metbod of Bttiityiug tbem — Vertical oacillationi of tht body — 
Horizoutkl oacillBtiona— AltBtupt to repraseiit tbe trajectory of til* 
pubis— Forward inovoment of tliB boily -iucciujilitios of iu velocity 
during tha time occupied bj a pace. 



The types of terreatrial locomotion are so various that we 
must, for a time at least, confiue ourselves to the study of the 
most important among them. For locomotion among bipeds 
we Mill tuke us a type that uf man. The hurse will be choeea 




I 



TKnUESTRUI, MOTION (mAN). Ill | 

M the moBt imporUnt rep resentu live of the method of wnlkiop 
tkdnjited hy quudrujjeilB. As to other auimals, tliey will he 
studied ia an acceasury muiiuer, and especiully with reference 
to the resemhlances and differences whii'h the modes of their 
locomotion preseut when compared with tho types which we 
hare cliosen. 

M.iny aulhoTB bare already treated on tliis suhject; from 
the time of Borelli to that of modern p!i} eiologista, si.ieiic« 
has slowly advanced ; it aeems to us that it caii now resolve 
all ohscnre questions, and determine tliem dufiuitely, by the 
employment of the graphic metliod. 

While observation employed alone furnishes only incom- 
plete and sometimes false data, the graphic method carries its 
preciaifm into the analyeis of the reiy complex movements 
concerned in locomotion. We shall see, when we treat of the 
paces of the horse, that the (lisiigreement we tiad among 
writers on tliis subject shows clearly the insufficiency of the 
methods hitherto employed. 

Human locomotion, tliough much more simple in its mechan- 
ism, is still very difficult to analyse ; the works of the two 
Webers, though considered as the deei>est investigation ol 
human locomotion that have yet been made, show many 
omissions and some errurs. 

The most simple and uaual pace iBtvnlkiiig. which, according 
to the received defiuition, consists in that mode of locomotion 
in which Iha budij neiw' quiu the ground. In running and 
leaping, on the contrary, we shall see that the body is en- 
tirely raised above the ground, and remains BUapended during 
a certain time. 

In walking, the weight of the body passes alternately from 
one leg to the other, aud as each of tliese limbs places itself 
in turn before the other, the body is thus continually carried 
fiirward. This action appears very simple at first sight, but 
ItM complexity is soon observed when we seek to ascertain 
which concur in producing this 



We see. in fact, that each movement of the limbs brings 
inder consideration a phase of impact and one of suppi:irt in 
uch of these; the dideieut articulations bend and exteud 
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alternately, wliile the niusclea of the leg and the thigh, which 
produce these movements, paea through alternations of con- 
traction and relaintion. 

The intensity of the pressure of the fpct on the ground 
Tftries witli the rapidity of walking and with the lung-th of the 
sl^p. Besides this, the body passes through periodical oscil- 
lations, the re-action of the impact of each foot on the ground; 
and the different porta of the body are subject to this re-action 
in various degrees. These oscillations are produced in diiFe- 
rent directions; some are vertical, others horizontal, so that 
the trajectory which follows any point of a body is a very 
complex curve. In addition to this, the body is inclined and 
drawn up again at each movement of one of the legs ; it 
revolves as ou a pivot round the coxo-femoral articulation, at the 
same time that it is slightly bent following the axis of the 
vertebral column; and, under the action of the lumbar muscles, 
the pelvis moves and oscillates with a sort of rolling motion. 
At the same time the anterior limbs, exerting an alternate 
balancing power, lessen the Influences which, at each instant, 
tend to cause the body to deviate from the straight course 
which it strives to maintain. 

All these acts have been analysed with much sagacity by 
one of our pupils, Mons. O. Carlet,* from whom we quote some 
of the results which he has obtained. 

The motive force developed in walhing, its pressure ou the 
ground in one direction, and its propelliug effects on the mass 
of the body on the other hand, are the three elements which 
will at first occupy our attention. 

Motive force. This is found in the action of the exterior 
muscles of the thigh, the leg, and the foot. The lower limb 
forme, as a whole, a broken column, whose angles are rounded 
off, and whose return to the perpendicular is effected by pres- 
sure on the ground below, and on the body above. This is all 
that we can say on this head, which, if treated more at length, 
would require considerable amplifications. 

Preiture on the grovnJ. This pressure, equal, as we have 
before seen, to that in the opposite direction, which tends to 
impel the body forward, must be studied in its duration, itt 
* 0. Carlct, £tude de ta Mudie. Annnles des Sciences nBtarellei, ISIi. 
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phaut, and its intemity. The regiBtering ajiparatua enables ub 
to do this perfectly ; an experimental inHtrument placed under 
the sole of the foot is connected with a lever which givea th 
signals of the impact and of the rising of the foot, as well e 
the espression of the force with which the foot ia jiressed upon 
the ground. We call this first iuBtniment the ezpcrime ' ' 
shoe, which may be thus described ; — 

Under the sole of an ordinary shoe is fixed with he. 
gutta percha a strong sole of india-rubber 1 \ centimetres ia 
thickness. Within this sole there is an air chamber, wbio' 
in fig. 19 is represented by dotted lines. 




This chamber, having upon it a small piece of projecting^ 

wood, is compressed at the moment that the foot exerts its 
pressure on the ground. The air expelled from thia cavity 
escapes by a tulie into a drtim with a lercr attached, which 
registers the duration and the phases uf the pressure of 
the foot. 

Let us suppose that the experimenter ia provided on both 
feet with similar shoes, and that he walks at a regular pace 
round a table which supports the registering appiiratus; we 
ehall then understand the arrangement of the experiment. 

The roistering iBstrumeuts employed are already known to 
the reader; they resemble in all points those which have 
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served fur tlie iovestigatioii of the Tiiiisciilar wave (fig. 7(, 
page ;(?)■ If we aubBtitute in tliia figure an exjieriuieiitfll 
shoe for each of the myographical clips 1 and 2, we nhall 
have the ftirangement of the apparatus necessary for the study 
ot/iioltUpi or impacli of the foot on the ground. 

Fig. 20 has been furnished by an experiment in walking. 
Two tracings are given by the intermitteut pressure of the 
feet on the ground. The full line D correBpoode with the 
right foot ; the dotted line with the loft. 



I 
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Fio. Wl.— Traclngj o( lie impact and Iho rise of the two feet iu our ordioury walk. 

Knowing the arrangement of tlie apparatus, we can under- 
stand that each impact of the foot on the ground will b© 
represented by tlie elevated part of the corresjwnding curve. 
In fact, tlie pressure of the foot on the ground compresses the 
india-rubber solo and diminishes the capacity of the includc-d 
air-chamber. A part of the contained air escapes by the con- 
necting tube, and passes into the registering drum. 

We see in fig. 20 that the presHure of the right foot, for 
instance, commences at llie moment when tbat of the left 
begins til dcLTease ; and that in all the tracings tliere is an 
alternation between the impacis of the two feet. Tlie period 
of tupport of each foot ia shown by a liorizontal line which 
joins the nuiiima of two successive curves. 

Tlie impacts of the right and left feet have the same dura- 
tion, BO that the weight of the body passes alternately from 
one foot to (lie other. It would not be the same with respect 
to a lame person ; lameness corresponds essentially with the 
inequality of the impacU of the two feet. 

There is always a very short period during which the body 
is partially supported by one foot, but when it already be- 
gins to rest on the other; this time is scarcely ei^ual to the 
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eixt!) part of the duration of a single impact or pressure of 

the fiKit, 

liitentity of the prFuure of the foot vpon tht ground. — The 
curves tra(.'e<l by walkiug; may also furuiHh the raensure of the 
elfort exertei] by the fout upon the ground. The trperinitiital 
tkiiei oonstitute a kind of djnameter of pressure ; they com- 
press the drum, less or more, accordiog to the effort they 
exert ; and coDsequently tliey transmit to the registering lever 
more or less extensive movements. In order to estimate, 
acrording to the elevation of the curve, the pressiire exerted 
by the foot, we must substitute for the weiglit of the body a 
certain number of kilogrammes. We see thus that, if the 
weig;ht of the body (75 kilograrameH, for example) is suffioient 
to raise tlie lever to the height which it attains at the com- 
mencement of each curve, an additional weight will be required 
to raixe it to the maximum elevation which it attains towards 
the end of its period of pressure. 

That proves that, in walking, the pressure of the foot on 
the ground is not only equal to tlie weight of the body which 
the foot has to sustain, but Lliat a greater effort is produced at 
a given moment in order to give the body the movements of 
elevation and progression which we have just been studying. 

According to Mons. Carlet, this additional effort is not more 
than 20 kilogrnmmes, even in rapid walking, but it is miicL 
greater in running and leaping. 

Reaelioni. — We shall designute by tliia name the movementa 
which the action of the leg produces on the mass of the body. 
These movementa are very complex ; they are effected at the 
same time in every direction, and give to the trajectory 
which a point of the body describes in space, some very com- 
plicated einuosities. Tlie gra]ihic method alone can enable 
us, at least as yet, to appreciate the real nature of these 
movements. 

In the firnt place, what point of the body shall we choose 
in order to observe ihe displacement caused by the act of 
walking ? Almost all authors have taken for this purpose tlie 
etnUe of gravity, the point which Borelli places iuUr nate* tt 
pubim. Hut if we reflect tliat the centime of gravity changes 
as soon as ihe body moves, that in the flexion of the legs this 
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ceotre riaea, that it is altered if we raise our arniH, that, in " 
fact, it describes witbiu the interior of the body all sorta of 
movements, as eooa as we cease to be motioiilebs, it is easy 
to understund that it will be impossible to refer to this 
ideal aad movable point, the reoctiouory movemouta produced 
by the pressure of the feet upon the ground- It will be 
better to choose a determinate part of the trunk of the body, 
the pubis, for example, in order to study its mevemenis in the 
act of wallfiiig. 



I 
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The instrument which we have already employed will be 
applicable to the study of these displacements. 

Let there be two lever drtims, united by a long tube T T T. 
Let a vertical oacillary movement be given to one of these 
levers, bo as, for example, to carry the levor L downwards 
iiito the position indicated by the dotted line, the otlier lever 
will be displaced in the op[Kisite direction, and will assume the 
position alao shown by the dotted line near it. Under these 
conditions the lowering of one lever corresponds with the ele- 
vation of the other, since the compression of the air in one of 
the drums must lead to its expansion in the other. If we 
wish to obtain from the two parts of the apparatus indications 
in the same direction, it would be necessary to turn one of 
the drums, BO as to place its lever downwards. 

Vertical otcillationi of the body. — Let us suppose tliat one of 
these levers traces a curve on the registering apparatus, while 
the other reals, by its point, on the pubis of a man who ia 
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walking ; ali the verLical osuUations of the pubis will be 
registereil. 

But, ia order that the erptriiiiental lerer may roceire and 
tranauiit faithfully the vertiwil ostillatiijiis wliith the put)i8 
executes during the act of walking, the drum itself must be 
protected from these ostilktious. For this purjio^^e an instru- 
ment has been invented, cumposed of two horizontal arms, 
which turn on a centre. Tliese arms can move only in a hori- 
zontal plane, situated at the heiglit of tlie pubis of the person 
under esporinieut ; to one of these arraa is fixed the experi- 
mental lever drum. 










tbiit is vectlcnUf . O fk. OKilUtlntui In ■ Islml <)<r«Ilon. or hu 
Euncollf. It in orldinit thiC twn cKcillutlinii In tba rardnl dimtt 
wrTflqpoDd witb h Hlnifla bDriBoalal otulLIaClua. 

The person who walks, follows during this time a cirnilar 
path, pushing before him the arm of the iiiBtrument, to which 
is fixed the apparatus which is to ex|wriment on the vertic^ 
oBuillations of the pubis. We get thus the traciDg repre- 
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si^Dted by the line Ft (fig. 22). It ia seen that the puhia 
rises at the middle of the pressure exerted hy each foot, aud 
Bioka at the ingtaat when the weight of the body passes from 
one foot to the other. 

The real amplitude of these oscillations is about 14 milli- 
metres, aocordiug to Mens. Carlet. This movement, however, 
s with the leegth of tbe step ; it iucreaaes with it, but 
this increase does not depeod on the masima of the ouive 
bein^ more elevated, but on its minima being lower. 

We may explain these phenomena very easily. When tbe 
body ie about to quit the support of one leg, this limb is in 
an inclined position, and the result of ita obliquity is that its 
superior extremity which sustains the trunk is at a less height. 
The oilier leg, which reaches the ground at this institnt, ia 
slightly bent ; it will soon draw itself up, aud thus raise the 
body whii'h is supported by it ; but in this movement, the 
leg describes the arc of a circle around the foot resting on the 
ground ; therefore, in the series of successive positions which 
it occupies, the body rises more and more as the leg which 
supports it approaches the vertical position ; it sinks again a» 
the leg becomes oblique. 

We can easily perceive that the length of the step lowers 
the trunk, by increasing the obliquity of the legs. ludeei], 
the constant character found in the maxima of the vertical 
oscillations is explained by this fact, that the leg, when ex- 
tended and vertical, constitutes necessarily a constant height 
— that which answers tj] the maximum of the elevation of the 
body. 

Horizontal otcUlaUont of the body. — The puliis, since that is 
the point whose displacement we are now studying, ia carried 
alternately from left to right, and from right to left, at the 
same time as it moves vertically. In order to register these 
roovementa, we make use of a lever-drum arranged in such a 
manner that the membrane is forced inwards and outwards 
alternately by the lateral movements which are given to the 
lever. During this time the registering lever, connected with 
it by means of the tube, osciUatea vertically, in which direc- 
tiou alone tracings can be made on the cylinder. If, in the 
curve which is truccd, the elevation corresponds with a trans- 
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ference of the puliia towards the rigplit, tJie depresaion will 
express a deviation of this poiat towards the left. 

The experiment gives the curve OPA (%. 22) for the 
tracing of tlie Lorizoutal oacillationa. It is first to be ob- 
served that the number of these oscillations is only half that 
of those whith take place in the vertical direction ; so that 
the bod,v is carried towards tbe right side at the moment of 
the uuximum of elevation, which corresponds with the middle 
of the pressure on tlie right foot, and towards the left at tha 
middle of tbe pressure on the left foot. This lateral sway- 
ing of ttie trutd( is the consequence of the alternate passage 
of tbe body into a position sensibly vertical over each font. 

If we would give on idea of the true triijectory of the pubis 
under the influence of these two orders of oscillations com- 
bined with forward movement, we must construct a solid 
figure. "SViih an iron wire bent in different directions, we 
may illustrate very dearly this trnjeetory. Fig. 23 ia intended 
to represent the perspective view of this twisted iron wire; 
but we can scarcely expect the reader to comprehend dearly 
this mode of representation. 
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lu short, according to the formula of Mons. Carlet, the 
trajectory of the pubis may be inscribed in a hollow half- 
cylinder, with its concave portion, upwards, at the base of 
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which lie the miniinn, and o 

terminate tangentially. 

Forvard jtrogrrM of the 
act of walkiug, the body t 
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t in clear tbnt during; the 
aes to advance ; but the 
forward movement has not always the eame velocity. To 
appreciate these alternate phaaee of acceleration and retarda- 
tion, it is necessary to employ a method which would give the 
meiisuremeat of the space passed through during eacli of the 
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movements in the act of walking, and which would aim 
express the time employed in pasBin^if through each of these 
spaces. In order to obtain this double indiiation, we have 
recourse to the following method : — 

It is necessary, first, to a«certaia how far the hody ndvancea 
at the different instants of the act of walking. This mpnsure 
of the spaces passed through, is obtained by inscribing tlie 
ourves of locomotion, no longer on a cylinder turning with a 
regular motion, but oit an immovable one, on which thfl 
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registering levers are displaced by a quantity proportkooate lo 
tlie epoce passed through. 

For this purpose the cylinder is placed on the axis round 
which the instrument turns, aud on the central end of one ot 
these revolving arms the registering instruments ore Exed. 
The ratio of die radius of the cyliudor lo that of the circle 
descri]>ed by the pi^rson TCalkiug, allows us to estimate in the 
tracings the length of the space passed through at each instant. 
This ratio was 50 to 1 in our experiments. 

Thus, in the tracing obtained, if from one point to another 
we reckon an inteiral of a centimetre, this corresponds with 
50 centimetres passed over on the ground by the person 
walking. This first notion would be but slightly interesting 
in itself, since it would teach us nothing more than what we 
learn concerning the intervals between two positions of the 
feet, as measured on the ground. The impressions left by 
our steps on soft ground would furnish in a very simple 
manner this measurement, Itut if, in addition to this know- 
ledge of the space traversed, the tracing gives us the intima- 
tion of the time passed in traversing it, we are provided 
with a method of estimating the rapidity of the advance of the 
body at every instant. 
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Fig, 25 shows (line D) the tracings of the impact and rise 
of a limb, and those of the vibrations of a chronograph 
inscribed simultaneously. To obtain these tracings, we cause 
to converge at the same time, on the same lever-drum, two 
transmitting tubee, one of which conveys the variations of 
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pressure to which tlie ex]verimentftl slioe is subjeded (fig. 19), 
and tlie other, ten vibrationB per second furnished by a throuo' 
graphic tunicg-i'ork of large size. 
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mnd f^Blng uf tLa tacit of the perHJu wha vmlks. 

Fig. 20 shows how these instrumeiila a 
ecu that the drum will be affected by t)ie double i 
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of tlie clianges in the pressure of the font on tho ground, and 
of tlie vibrations of the tuniug-fork ; and tliia produces in & 
single tracing the iuterference of two movementa, giving at 
the same time the notion of the space traversed, and that of 
the time eniplojed in passiog over it. 

In order to analyse this tracing, let us consider only, in the 
first place, the sinuous curve wliich obeys at the same time 
the tuning-fork, and the experimental shoe on the right foot ; 
and in this curve let us only examine tlia elevated part — that 
which corresponds with the pressure of the foot upon the 
ground. We see that, during the duration of this pressure, 
the style has passed through a space on the cylinder measuring 
aV>out 2 centimetres; therefore, as the displucententof the style 
ia fifty times less than that of the person nalking, he will have 
advanced about one metre during the pressure of one foot. But 
while ha traversed this metre, he did not advance with an 
uniform velocity ; in fact, during the first half of this distance, 
the tuning-fork made about fuur vibrations, whilst in tlie 
semnd, it has scarcely made two and a half. Thus the foot 
which presses the ground with a force increasing from the 
commoutement to the eud nf its impact, gives the body an 
impulse whose velocity equally iucreases. 

During the rise of tho foot, the line traced by the tuning- 
fork indicates also that the body of the person walking 
progresses with an accelerated motion. That is easily under- 
stood if we remember that, in walldug, the rise of one foot 
(Hirrosponds exactly witli tho tread of the other. It is, there- 
fore, the impact of the lefl foot on the ground which gives the 
body of the walking person an accelerated motion, which ia 
observed during the rlsn of the right foot. 

This method apjiears to us applicable to all cases in which 
it is necessary to measure the rulative dtirutiuns of different 
phases of movement. 

The inequality in the speed of the man who walks bnnga 
with it au importaut cousequence. When a man driig» a 
load, the effort which he makes cannot be cunstant ; at eacli 
foot-fall a redoubled energy is produced in the traction that is 
developed, aud aa this increase of effort has but a very abort 
duration, a. seiies of shocks, as we way call them, occurs at 
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each inslrtnt. But we know that these etiocka are very 
favourable to the full uUlisatiOD of mecbanicnl force ; we havs 
explained (page 49) the inconvenience which would arise 
from them in the work of living motive agents, and the 
manner in which these shocks are lessened hy the elasticity 
of muBcular fibre. 

Under the couditioos in which s man dragging a load is 
placed, if he is attached bj a rigid strap to the mass which 
he has to draw, the ehocka of which we have spoken will be 
produced, and he will feel their reaction on his shoulders. In 
order to avoid these painful jerks, and to utilize more fiillj 
the effort which he makes, wa have placed between the car- 
riage and the traction strap an intermediate elastic portion, 
the effect of which has answered our expectations. 

We are endeavouring to construct aiialogous contrivances, 
which may be adapted to the traces of ordinary carriages, so 
as to lessen the violence of the pressure on the collar, and to 
utilize more fully the strength of the horse. 
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CHAPTER ni. 

THE DIFFERENT MODES OF PKOGRESSION USED DY MAN; 

D«acri]>tlciii oftlie appanituB for the purpose of studying the varioos roodo* 
or progreaaion nsed by man— Portablfl fBgistaring »p]iarBtu»— Eipiri- 
menta! apparntus for vertical reactionB— W«lkiii){ — Kunning ^Gallop 
— Lfapiiig on two feet aiid hojipiiig OD one — Notalion of tliesa varicna 
methods— Doli nil ion of a pace it) any of theso kinds of tocomotioa 
— S^nthetiu reproiiuction of the roiiuuu modes uf prognisaion. 

The principal modes of progreaaion employed by animals, 
e Kuilnng, which we have already described at some length. 



as far as it relat 

the galiop, and leaping oi 

The act of walking v 
slope of the ground ; we 
influences. 

lu tills new study it 



1, running at different rates of speed, 

, one ot two feet. 

nries according to the nature or tha I 

shall hnve to treat of these different I 

is no lunger possible to employ tlu , 



MODKS OF PUOGIiESsrn.N USED BY MAN. 



125 



apparatus wliich we have used 
Tlie circular and horiEontal track 



I 



I 



our previouB researches, 
which the experimenter 
was obliged to walk must be exchanged for surfaces of every 
kind and of every slope. 

If the new inabumenta to which we must have recourfle 
leave tlie experimeoter more liberty in his movenioDta, they 
are, on the other hand, relatively less complete as to the inili- 
cations which they furnish ; therefore, we can only require 
from them two kinds of indications ; those of the pi-esaures of 
the feet on the ground, and those of the vertical re-actions 
which are commuuieated to the body by these pressures. 

Fig. 27 shows a runner fiirnished with nppikratus of the 
new construction. He wears the experimental shoes which 
we have already described, and holds tn his hand a portable 
registering instrument, on which are traced the curves produced 
by the pressure of bis feet. Aa the cylinder of this instru- 
ment turns uniformly, the curves will be re^stered in propor- 
tion to the time, and not to the space traversed during each 
of the acts by which this curve is traced. 

In order to facilitate the experiment, and to allow the 
epparatua to assume a uniform motiou before it truces on tha 
puper, we hare recourse to a special expedient. The points 
of the tracing levers do not touch the cyliuder ; but in order 
to bring them in contact with the paper, an india-rubber ball 
must be compressed. As soon as tliis compression ceases, the 
points retreat from the cyliuder, and the traciug is no longer 
produced. In fig. 27 the runner holds this ball in his left 
hand, and compresses it with his thumb. 

In addition to this, the runner, in order to obtain the 
tracings of the vertical re-actions, carries on his head aa 
instrument whose arrangement is represented in fig. 28. 

It is an erpenmeiilid lever-drum fixed on a piece of wood, 
which is fastened with moulding wax ou the head of the ex- 
perimenter, as seen in fig, 27. The drum is provided with 
a piece of lead placed at the extremity of its lever ; this mass 
acts by its inertia. 

While the body DscillateB vertically, the mass of lead resists 

these movements, and causes the membrane of the drum to 

sink when tlie body rises, and to rise when the body descends. 

18 
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From the§e alternate aiitiona a current of air rCBuIts, which, 
transmitted by a tube to a registericg lever, hIiowb by a curve 
the oscillatory movements of the body. 
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Fio, t&— liuCnuDaut b-nglstflr tho vertical ra-aclli<iL9 dutijjK the vviijiul |p:t4;i-&. 

We will not enter into the details of the experiments wliith 
have served to verify the exactitude of the tracings thus 
obtained; they consisted in adjustiug the weight of the disc 
of lead and the elasticity of the membrane of the drum, 
until the movements given to the apparatus are faithfully 
represented In the tracing. 

TVe will call step-currei each of the curves formed by the 
pressure of a foot upon the ground, and we will designate by 
the name of ascending or descending oscillations, the curve of 
the vPTlicJil re- actions on the body. 

1. Of Kalkhig. — We have already pointed out the distinc- 
tive character of walking considered as one of the modes of 
progression in man. We have said that the body, in walking, 
never leaves the ground, and that the footsteps follow each 
other without any interval, so that the weight of the body 
passes alternately from one foot to the other. 

But this definition cannot apply to walking on an inclined 
surface, on yielding soil, or upstairs. Being obliged to pass 
rapidly over these peculiar conditions of walking, we will only 
give the tracing which corresponds with the act of mounting 
a staircase (fig. 29). 

It is to be remarked that the step-curves encroach on each 
other, showing that each foot is stilL pressing on the ground, 
when the other has already planted itself on the next step. 
Besides this, it is at the time of this double pressure that 
the lower foot exerts its maximum force ; it is at this moment, 
in fact, that the work is produced which raises the body to 
the whole height of a stop. 
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Nothing like this is ohserved in the descent of a staircase j « 
the Bt«p-curves cease to encroadi oa each other, and buu 
each other veiy nearly aa in ordinary walking on I 
^und. 
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2. Of rnnninif.—This mode of progression, more rapid 
than wulkiug. coniriats, like it, in alternate treads of the two 
feet, whose slep-curvea follow each other at equal idt^rvals ; 
but it presents this difference, that in ruaning, the body 
leaves the ground for au instant at each step. 

Accordingly, as running is more or less rapid, different 
names are given to it; those of the ijymnaslie march and the 
trot present no utility in a physiological point of view ; they 
correspond, with but slight variations, to running at various 
degrees of speed. To ascertain the principal cliaracters of 
this mode of progTeHsion, it is only necessiiry to analyse 
fJL'. 30. 
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The pressures of the feet are more euergetic than 
walking; in fact, tliey not only sustain the weight of thfl J 
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body, but impel it with a certain speed both upwards and 
forwards. It is known that to give a mass a rising motion, 
a KTeater effort must be exerted tlian would be eufficieut 
simply to auataiu it. 

The duration of the presearea on the ground is less than in 
walking ; thiE brevity is proportional to the energy with 
which the feet tread on the ground. Theae two elemeuta, 
force and brevity of pressure, iocreaae generally with the 
speed at which a peraon runs. The frequency of the foot- 
fiiUa increaaos also with the epeed of the runner ; but among 

the various kinds of running, there are some in which the I 

extent of space paaaed over in a given time depends rather ^^H 
ou the extent of each pace than on their number. ^^H 

The essential cliaracter of ruuniog is, as we have said, ths ^^H 
timt of tiaptiuion during which the body remains in the air ^^^ 
between two foot-falls. Fig. 30 clearly shows the suspension, by 
the interval which separates the descent of the curves of the 
right foot from the ascent of the curves of the left foot, and 
vice wnd. The duration of this time of suspension eeema to 
vary but little in an absolute manner ) but if we compare it 
with the Bpeed of a runner, we aee that the relative time 
occupied by this Huspension iccroaFes with the speed of the 
course, for tlie duration of each tread diminishes in proportion 
to this speed. 

How is this snapension of the body at each impulse of the 
feet produced ? We miglit think, on firat consideration, that 
it is the effect of a kind of leap, in which the body is pro- 
jected upwards in so violent a manner by the impulse of the 
feet, that it would describe in the air a curve, in the midst of 
which it would attain its maximum elevation from the ground. 
In order to convince ouraelves that such ia not the oose, let us 
make use of the apparatus which registers the re-actions or | 

■ vertical oscillations of the body. ^^H 

In fig. 30 is seen (upper line O) the tracing of osciltationa ^^| 
in nioniug. This trace shows us that the body executos each ^^H 
of its vertical elevations during the doumu-urd presiure of ihe ^^^ 
foot, so that it begins to rise as soon as the foot touches tlie 
ground ; it attains lis maximum elevation at the middle of the 
preeaute of this foot, and begins to descend again, in order to i 
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reach its mininiiimj at the moment when one foot has just 
risen, and before the other lias reached the ground. 

This relation of the vertical oscillatious to the preesure 
of the feet shows plainly that the time of mspentian does not 
depend on the fant that the body, projected into the air, has 
left the ground, but that the legs hurt Kiihdrawii from ths 
ground bj the effect of their flexion; and this takes place at 
the Tery moment when the body was at its greatest elevatioQ. 

We shall liave again to recur to these phenoineua when we 
come to speak of t)ie paces of tlie horse, in wlii<:h a similar 
suspension of the body exists, and which are called ob that 
account tlevaled pace*. 

The influence of the different inclinations of the ground 
aote in nearly the same manni-r in running as in walking, 
with this difference, that in ruuniog, their effects are generally 
greater. 

8. Of the galtnp — In the modes of progression described 
hitherto, the movement of the limbs is regularly alternnite, so 
that the succession of steps is made at equal intervals. 
These are the normal kinds of human locomotion ; but maa 
ran imitate, to a certain extent, by the movements of bis feet, 
those periodically irregular cadences which are produced by h 
horse when he gallops. Children, in their amusements, often 
imitate this mode of looomuiioa, when they ptai/ at horut. 
This abnormal kind of motion is of no interest, except to 
explain the mechanism of the gallop in quadrupeds. 

By registering together the step-curres and the re-actions, 
it is seen (fig. 31) that the foot placed behind is the first 
which reaches the ground ; that it exerts an energetic and 
prglonged pressure, towards the end of which the foot in front 
touches the ground in its turn, but during a shorter tima i 
after which there is a considerable period of snspensioa. 
Thus, there is a moment when the two feet are in the air. 

In this mode of progression, the re-actions are similar in 
character, in some respects, to the pressures. In fact, a long 
re-action (Une O) is produced, in which we recognise the 
interference of two vertical oscillations, the second of which 
DODimences before the hret has finished. After this re-actioa 
there is observed a lowering of ihe curve, whose minimnni 
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eajiotidH irith the moment wben the two feet are in 
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Fro, 11.— Mm gullortng ~ilh the rtaht fool flrrt. Step-siiiTM und n- 
utlDnn. Then In ui «ncraiu;bidsnt of ons cuns dvcr ths ritber. ud Ibno 
maniiMiuluii "( the body. Tho curro O. which eiTTMinnidi' with the 
nMUTtlanft. ih«wa ilic tiBeat ul Hit twu iimcvstini ImpiUHB cmrtod on 
tfan body t^ tho la^t. 

4. 0/ leaping. — Although leaping la not a sustained modd 
of progreseion in human locomotion, we will say a, few words 
at)out it, in order to complete the eeriea of the movemento 
which man is able to execute. 

The two feet being joined tog;ether, we can make a series 
of leaps, and ndvaiiie thiifl, l)j imitating the mode of locomo- 
tion of some birds, or of certain quudrupeitB, as the kocgaroo. 
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The apparatus intended to illustrate the vertical oscillatiooB 
of the 1wdy, being placed on the head of the experimenter. 
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pe get tliree tracings at once ; those of the pressures of the two 
eet, and that of the re-actions; these furniah 6g. 32. 

We see here that the maxima of the curve of re-actiom 
line R) coincide with the pressures. Thus, by their united 
inergy, the two legs raise the body, and then let it fall again at 
he moment when they bend and prepare to act afresh. 

Hopping on one foot gives the tracings (fig. 33) which 
inly consist in the pressure and rise of a single foot. The 
ilevations of the body coincide with the step-curves In fact, 
irhen the speed of the leap is lessened, it is prolonged more 
specially at the period of the pressure of the foot on the 
■round, thut of suspension reuiaiiiing very nearly constant 

In certain species of animals, successive leaps constituta 

tndy by the graphic method the various paces of these 

NOTHTION OF EnTTnit IN DIFPEEENT MODES OF 
FBOOBESSION. 

B the rhythm of the impact of the feet which is the most 
itriking. Tho strokes of the feet upon the ground give rise 

ion with an ear accustomed to them to recognise the kind of 
)aco which originates tliem. We will, therefore, endeavour 
o establish the classification of the various paces by attending 
this order of succession. 

In order to give the figure of each of these rhythms, wa shall 
mploy the musical notation, modified so as to furnish at the 
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BaniB time tlie notina of the diiniti'iu of eacli pressure, tbat of 
tlie foot W whit'h this pressure buloiigs, and also tliu leiigtU of 
lime during vhiuh the body ia sus^iided. This notatiua of 
rliythma is cotiatriiuted iu a. very siuipla iQuouer IJroin tlie 
tracings funiialied by tUe apparatus. 
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Let us return {ng. 34) to the curve whi'th corresponds witli 
the act of running' iu man. Beluw this figure let us draw 
two horizontal lines — ^1 and 2; these will form the Hqf oa 
which will be written tliia simple muaic, t'onsisting: only of 
two notes, which we ehall call right foot, left foot. From the 
commencement of the ftscending part of one step-ciirvp be- 
longing to the ri^'ht foot, let us let full ux>on the stull' i> [ler- 
pendiculttP (i) ; lUis line will determiue the eommeueeinent of 
tlie pressure of the riglit foot. A perpeDdiculiir [h) let fEill 
from the end of tlie curve will determine where the pressure 
of this foot ends. Between these two points, let us trace a 
lirond white line ; it will express, by its length, the duration 
of tlie pressure of the right foot. 

A aimibir construction made on the step-curve (N'l. 1) will 
give the notation of the pressure of the left foot. Tlie nota- 
tions of the left foot have been shaded with oblique lines to 
avoid all confusion. 

Between the pressure of the two foet there is found to hetilenca 
in tlie rhythm ; that is to say, the expression of that instant 
of the course when the body ia suspended above the ground. 
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If we note in this manner the rhythms of all the paces used 
by man. we shall obtain a synoptical table vhich will much 
facilitate the comparieon of these varied rhythms. Fig. 25 
representa the ii/noptical notation of the four kinds of progrea- 
Bion, or paces, which are regularly rhythmical, and in wliich 
the tno feet act alteraat«ly. 

Line 1 represents the notation qf the rhythm of the waUdng 
pace. This is the principle of the representation. 

The pressure of the right foot on the ground is represented 
by a thick white stroke, a sort of rectangle, the length of 
which corresponds with the duration of that pressure. For 
the left foot there is a greyish rectangle shaded with obliqaa 

These altemationa of grey and white express, by thi 
cession, t)iat in walking the pressure of one foot succeeds 
other without allowing any interval between the tw 
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Line 2 is the notation which corresponds with the tueent ef | 
a staircaie. It is seen, agreeably with what has been already: f 
explained (fig. 29}, that the step-curves encroach on ( ' 
other, and tliat, consefjuently, the bodj' during an instant restl I 
on both feet at once. 

Line 3 corresponds with the rhythm of running. After ftJ 
shorter step-ciirve of the right foot than in the walking pao^ T 
an interval is t<een which corresponds with the auapension oPfl 
the body ; then a short impulse of the left foot, followed by a T 
fresh suspension, and so on continually. 

Line 4 answers to a more rapid rale of running. 
it a shorter duration of the preasureB, a longer time of ths i 
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of the body, and a i 



1 rapid aiiccesBioQ of tlie 



lepiUoiv 



L. Left ^lop. 2, PlghtgAllutK 



Fig. 36 is the notation of tlie gnlJnp of rhildren, a mode of 
progression ia which both the feet do not move in tlie same 
uionuer. In this figure, line 1 represents the left gallop — that 
is, with the left foot al<vayB forward. It is seen that the right 
£>ot presses on the ground first; then the left ftUls atid tonchea 
the ground for a shorter time. 

Then, there occurs a suspension of the hody, after which 
the right foot falls afresh, and so on. The time of the simul- 
taneous pressure of both feet is measured accorditig to the 
space by which the shaded rectangle rests on the white o 

Line 2 ia the notation of the right 'jallop ; that is to say, 
when the right foot is always in advance, reaching the ground, 
later than the left. Thus, in the gallop, the body is sometimes 
in the air, sometimes on one foot, and sometimes supported 
by two. 

Finally, the notations mpresented in fig. 37 would be: 
upper line, a series of Jumpa on two feet ; lower line, a eeriaa j 
of hops on the right foot only. 
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curves fpyen before, for it does not indicnle the pliases of 
variable preesure eserted by the foot upon the ground ; but it 
is much more simple, and allows the two modes of progression 
to be compared much more easily than the other. It will bo 
Been farther on, when speaking of quadrupedal locomofi 
that the oomplication of the subject renders it indispensable 
to employ this very simple notatioo of the rhythm of mure- 

Definition of a pace in atiy kind of proijreuiotj. — It is usually 
considered that a pitce is produced by the series of movements 
which are executed between the action of one foot and that 
of the other, whether we choose for the commencement of 
the pnce the instant thnt the feet reach the ground, or that 
when they rise from it. Thus, in measuring a pace 
ground, we usually take as its length the distance 
separates one portion of the print of the right foot from 
a similar point of the impression made by the left. 

We shall be obliged to depart from this usage. Although 
we regret any innovation, yet We shall consider the standard 
pace only as hidf a pace, and we shall thus define it : A pact 
M the teriei of niovementi executed bstueen (iro timilar politiottt of 
the aamejoot — between the two successive treads of the right 
loot, for example, or two successive elevations of the left 
foot, Slc. 

Iq the same manner the extent of a pace on the ground 
will be the distance which separates two homologous points 
taken in the two successive iniprc'^sions of the same foot.< 
The pace is estimated in tltis uiauuer in Mexico. This is the 
only method of oounting which will prevent errors in the veiy 
complicated moments of quadrupedal progression. 

SXHTBEIIO BSFBODUCTIOX OF TBB MODES OF P 
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Since we have completed the analysis of a phenomenon of 
which we now seem to understand all the details, it is by 
synthesis that we will endeavour to construct a counter- proof. 
This method has proved very useful in verifying our theories 
concerning certain physiological actions, as, fur instance, the * 
ciivulatiuQ of the blood. It constsled in representing, by arti- 
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fielal mennB, the inoTementB and the aoiinde of the heart, the 
nrterial pulsatione, Ac, and we thus proved the correolness 
of OUT tbeoriea as to the nature of these phenomena. Tlie 
same method will serve herenftf r to verify our tlieoriea of the 
flight of insects and birds. In tlie present case it ia neceasnrjr 
to represent, according to the data afforded by anslysia, the 
mciveniente of walliing and of the other paces employed by 

Every one knows the ingenious optical inetrumont invented 
liy Plaleau, and nailed by him " Phenakistoscope." This 
instrument, which is also known by the name of Zootrope, 
presents to the eye a series of successive imaifog of persons or 
animals represented in various attitudes. When these atti- 
tudes are co-ordinated so ns to bring before the eye all the 
phases of & movement, the illusion is complete j we seem to 
see living persons moving in different ways. 

Tliis instrument, nsuidly constructed for the nmnaement of 
ohildien, generally represents grotesque or fantoatic 6gtireB 
moving' in a ridiculous manner. But it has occurred to ns 
ihiit, by depicting on the apparatus figures constructed with 
core, and representing faithfully the successive attitudes of the 
body ditriiig walking, running. &c., ne might reproduce the 
appearance of the diffvreut kinds of progresbiou employed 
by man. 

Mans, Carlet, whose remarkable studies of walking we have 
before quoted, and Mons. Matbias Duval, professor of anatomy 
at the E^uole des Beaux-arts, have carried out this plan, and, 
after many attempts, bare arrived at excellent results. 

Mona. Duval is engaged in perfecting his diagram, which 
fui'uishes to the eye sixteen successive positions for each kind 
of locomotion employed by man. Each figure is carefully 
drawn according to the results afforded by the graphic method. 
VVIien rotated with suitable speed, the instrument shows, with 
perfect precision, the different movements of walking or run- 
ning. But its principal advantage is that, by turning it leai 
quickly, we cause it to represent the movements much more 
alowiy, BO that the eye can ascertain with the greatest facility 
these actions, the succession of which cannot be apprehended in 
ordinary walking. 
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CHAPTER rV. 

QUADRUPEDAL LOCOMOTION STUDIED IN THE HORSt 

lu&Liflicieocy of the eenses for the annlTtiis of the [nces of ths horae — 
ComparuoD of Dof^— Rhjthmi of the psoea Btailied hy meani of tha 
ew — Insufficiency of l&ngiitge to express thou thythms— Hiuical 
notiiti on — Notation of the ambU, of tha matking pace, of tho trot — 
Synnjitical table of ]>aces noted sccording to the deSoitioa of each of 
theoi by dilferent authors— Instniments intended to determine by the 
grsiphio method the rhythms of tha varioiu paces, aod ths rt 
which accompany them. 

There U scarcely any branch of animal mechanics whidt 1 
hna given rise to more labour and greater controTersy than the i 
question of the pat'cs of the horse. The subject is one of J 
great importance to a large number of poreoos engaged i 
special pursuits, hut its extreme complexity has caused in- 
terminable discussions. Any one who proposed Bt the present 1 
time to write a treatise on the paces of the horse, would hare I 
to discuss many different opiuious put forward by a great \ 
number of authors. 

While reading these works, on which so much sagacity a 
DhaeryatioQ and such rigorous reasoning have beeu expended, I 
one is astonished to find that the greater number of theae i 
writers are not agreed in their definitions of the paces. Thii 'I 
disagreement in sim^ar observprs can only be accounted fi 
on the principle of the insuCciency of the means at the£ 
disposal to enable them to analyse the very complex and rapid 
movements of the horse. The difficulty of expressing i 
words the rhythms and the durations of these v 
ments adds still more to the confusion. When a horse ii 
running, and passing from one kind of motion to another^ 
when fae moves his limbs with a rapidity wliich makes t 
diz^, and according to the most varied rhytliuis, bow c 
appreciate and describe faithfully all these actions? It 
be as eusy a tu&k, after looking at the finders of a pianid 
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when mnning i 
uieuts n-bicli in 

^'ill. in the miiht of this coDfusinn. it has been found 
|)osBil>le, by observutiitii aloue, to e$talili->h certaia diTisious 
which siogiilarly siiujilify the studj. Tlius, cei'tain pEtces give 
to the ear a rhythm iu wliich the Btrnkns <if the hoofs aucueed 
each other at Buffioieiilly rej^ilar iulerFuls; others, such as the 
difTerent kitids of gallop, offer an irregnbir rliytbm, recurriiig' 
at periodical times. Thoae latter piiiiea ure the most difficult 
to analyse. 

But if we observe a horse eitlier at a anlkiiig poet, ambling, 
or trotting, and if we couceulrate our attention on the anterior 
limbs alone, or on the posterior ones, we perceive that the 
rhythm of the impacts and elevatious of the right and left 
foot entirely resemble tlioso of the feet of a man walking or 
ruimiug more or less quickly. The alternation of the strokes 
of the feet is perfectly regular, if the horse be not lame of 
une iif the limbs under observation. 

If we then pass lo the comparison of the movementa in the 
two fore and hind legs on the same aide, we see that the two 
feet on the right side, for example, make the same number of 
steps, and that if one of them utrikps the ground at a greater 
or less interval before the other, tliis is preserved as long as 
the same pace is continued. Add to this that the length of 
the step is the same for both the fore and bind limbs, of 
which fact we may convince ourselves by seeing that these 
two feet always leave ou the ground prints situated at the 
same distance from each other. In general, the hind-foot 
covers the print left by the corresponding fore-foot ; if the 
prints be not covered, they preserve always the same distance 
from ea<!h other. Thus, the steps of the fore and hind legs 
are of the same number and the same extent ; these facts 
have not escaped former observers. 

Dug^B has compared the quadruped when walking to tvo 
men placed one before the other, and following each other. 
According as these two persons (who ought both to take the 
same number of steps) move their limbs simultaneously, or 
alternately ; according as the man iu fiout executes his move- 
menta more quickly or more slowly than the one behind, wa 
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Bee all the rli^rtlims of the movemeuts which ehai 
the different paL'Bs of the liuree reproduced. 

Every one has seen in the circus or the masqitercide thow j 
figures of auiiiiiilg whuae legs ore formed by those uf two mea ' 
with their bodies conceuled in that of the hora 
tesque imttatiuu benrs a stiiking resemblance to the animal, 
when the movemeuia of the tsro men are well co-ordinnted, m 
as to reproduce tlie rhythms of the prices of a real quadruped. 

la the ezaminatioa uf tlie trticinga furnisJied by tlie graphic 
method when applied to the ]iuces of the liorse, we may have 
I'ecourse to the theory prupoimdeJ by Dugd-i; Ave shall then 
find the curves furniahi'd by human locomotion twice repeated- 
We shall see that tlie di£r>-reDce hetween one pace and another 
consists in tlie mauuer in wliich tlie fuotfulla of the hind leg 
of a horse succeed each other, with relation to those of the 
iore leg on the same side. But this determination of the 
order of the succession of footfalls presents singular di£Br- ' 
culties, even for the most thkilful observers. < 

Many attempts have been made to bring to porfection the 
.means of observation, ami to remedy the iasuSciency of 
language in the desi^iipiLon of the observed plienomena. 
Long since, the rhythm of the steps according to the b 
which they produce has been substituted for their esamiaation , 
by means of the eye. Tlie ear, in fact, is better adapted than i 
tlie eye to dictiu^'uish the rhythaie or relatioas of ei 
To ascertaia the order in which each limb strikes the gmund, 
certain esperlraenters have attached to tlie legs of tlie horea i 
belb of difl'erent tones, which can be easily distinguished flfonk J 
each other. 

A point which has been belter Hsrertainod with respect to 1 
the locumutiou of the horse, is the distenniuHtion of the space J 
passed over on the ground during esth of tlie various km ' 
of paces. This spnce has been directly measured by aieaus 
of the distance beliveen the prints of the feet left c 
ground. To render the distinction between the footprints 
more easy, each of the animal's feet has been shod in a 
different manner. Besides this, observers have studied the 
proportion whicli exists between the lieiglit of the animal and J 
the length uf Its various puces. All those who have i 
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any progresB in lliia interesting etuily have arrived at it by 
tlie employment of rip^raus methods of observution. 

On the other hand, the manner of expressing the obeerred 
phenomena has occupied the attention of different authors. 
Almost all have bud rotouree, nith great advantage, to the 
use of drawings, but have agreed but Utile in their mode "f 
representing the Bucceflsive actions which characterise tlie 
different paces. Tlie most perfect kind of representini.m 
is that employed duiing the last century by Vincent rind 
Goiffon.* A sort of musical staff, composed of four luies, 
seiTed to Dote the instant of each impact of tlie four feet, and ' 
the duration of the succeeding pressures on the ground. Tiiis 
notation resembles, to a certiiin degree, that which we have 
emploj-ed to repieaent the different rhythms of human loi-o- 
motiou, and which uill hereutier serve to explain the various 
paces of the hoi-ee. Hut we must not forget that the method 
of Vineent and Goiffoij only expressed a succession of move- 
ments observed by tlie sight or the ear, and that it realised no 
greater exactitude than that of the individual observer. 

Our registering instruments resolve the double problem of 
analysing wilh fidelity the acts which the senses could not 
arcura'ely appiociute, and expressing cleoily the result of thia 
analysis. 

lioture we describe our experiments, we shnll, in ortlerlhat 
the reader may understand their utility, try to present m 
summary of the present state of the science, end to show whRii 
disagreement exists on various points among different auihort. 
As the etondord definitions are not always easy to be under- 
etood, we shall add to them the notation of each of the paces, 
trusting tliat this meihod of representation will render them 
more inlelhgible, and especially more easy to be coinpaied 
with each other. 

Notation of lilt variiriit jtaen of tlie hnrte. — Recurring to th( 
comparison uited by Duges, let us represent tlie horse aa cum 
posed of two bipeds walking one Iwhind the other. We must 
'i which the rise and fall of the I'eet 



* Mtmoire srtiCcielle Am ^Tiac\]irs r«Iiitirii k In firlile i 
utimiux, tint en peintuie qu'eo ■uul|>turo, Allanl, 17C 
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succeed each other, in each of the persoua supposed to bn ' 
v/al\nng. 

0/ the amble. — Let us tnke the simplost case, in which the 
two persons walking steadily go through the same movementB 
at the same time. If we represent, by the notatioa before 
employed, the movements of these two men, placing at the top 
ihe notation which belongs to the foremost, and below it that 
of the hindmost, we shall have the following figure : — 



The footfoUe of the right and left foot being produced at 
the same time by the person walking in front aiul by him who 
follows, must be repreaeuted by similar signs placed exactly 
over each other. Thus, in the paces of the horse, this 
agreement between the movements of the fore and hind limba 
belongs to tlie aoible. The notation (fig. 38) will be that of 
a horse's amble ; the upper line referring to the movements 
of the fore quarters of the animal, and the lower line to the 
hind limbs. 

The standard definition is the following: "The amble is a 
kind of pace characterised by the alternate and excliisive 
action of two lateral bipeds." Authors are entirely agreed on 
this point. Let us add that in the amble the ear perceivea 
only (iro bend at each pace, the two limbs on the same aide 
striking the ground at the same instant. In the notation 
these two sounds are marked by vertical lines joining the two 
BynchronouB impacts. 

In the amble the pressure of the body on the gronnil is 
said to be lateral, as the two limbs on one side only are in 
uontoct with the ground at the same time. 

Of the walking pace. — According to the definition of the 
greater number of authors, the TCiilkiiiff pace consists in an 
equal succession of impacts of the four feet, which Btrike the I 
ground in the following order : if the riglit foot be considered 1 
as moving first, we shall have the following succession — right i 
/oM-/oo(, U/thind/oot, left fore-foot, and then right hind-foot. 



I 



PACES OF THE HORSE. 



To express tliii 



of movementa of the two persons 



walking, it is only necessaiy to alter the place of the signals of 
the hind feet with respect to those of the fore feet. We shall 
obtain the rhythm indicated bj authors by causing the signals 
of the hind feet to slip towards the left, which will give the 
following figure : — 



I 



It is seen, therefore, that when compared with the amble, 
the walking pace consists in an anticipation of the hinder 
limbs, whose footfalls precede those of the corresponding fore 
limbs by the half of the duration of one of their pressures 
on the ground. 

If the notations be read from left to right, like ordinary 
writing, it is evident that each sign situated farther to ths 
left than another precedes it in order of succession. Thus, 
in fig. 39, the impact of the right hind-foot precedes that of 
tiie right fore-f')at. But as it is of little conse^jiience, in the 
series of successive acts of the samo kind of pace, whether n 
choose one instant rather than another as the point of depar- 
ture, we shall always take as the commenceuieut the impact 
of the right fore-foot. 

The ear distinguishes four beida, separated by regular 
intervals, each of which is indicated in the notation by a 
vertical line. Finally, the body rests on the ground lieict 
laterally and twice diagonally during one entire pace. It is 
easy to ascertain this by looking at fig. 39, in which, after 
the first impact, the body rests on the right feet (lateral biped 
L) ; aAer the second impact, on the right foot in front, and 
the left foot behind (diagonal biped D), &c. 

But this notation only expresses the theory of the most 
extended pace. The equality of intervab between the strokes 
of the feet is not admitted by all writers. We shall a 
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the course of our experiments, tliat the waiting pace, in fact».l 
may present diti'erent rhythms. 

Of tl\e trot. — The notation of the trot is obtained by i 
more decided antieipation of the hinder liiiil«, each of whidl^ 
will have entirely comiileted ita pressure on the ground, 
and begim to rise at tlie moment when the fore-leg on »ha 
eame side has oonipleted ita stroke. Fig. 40 expresses the 
absolute alternation of the two persons aupjjoaed to be 
walking. 



Authors agree also on this point, that in the trot, the \ 
liniba which act together are associated in diagtjnal pairs. 

The ear perceives but tico ioundt of the hoofs, as in the 
nmble, but with this difference, that it is always a right and 
left foot together, and not two feet on tlio same side, which 
produce each sound. 

The notation also shows that the preesuTe of the body on the 
ground is always diagonal. What it does not express is, tliat 
lietween succesxive pressures, the body of the animal is, for aa 
iTistaut, suspended in the air. This suflpenaion arisee tmja 
the fact that the trot is not a walkini/. but a ninnitig pace, and 
that to represent it faithfully we must place together two 
notations similar to that which is represented in fig. 34. 

We hare designedly omitted the time of suspension in the 
former notation ; it would have rendered a difficult subject 
still more complit^nted. Besides, this suspension does not 
always take place ; certain horses have a lom trot, which has 
nothing to characleri^ it except its rhythm la double time 
and the diagonal impacts of the feet. 

We will not fatigue the reader by detailing the definition 
of all the paces admitted by different authors, Vt'e shall 
merely present in a synoptical table the series of notations 
which cirrespond with them. In tliis table (fig. 41) it ia 
seen, thit all the lomr jiacii may he considered as derived , 






PACES OF THE HORSE, 



145 



I 



from tlie ambk. and tliat if we wished to make a methodical 
cliissifioatioD, we should group them in a series of which the 
amble would be the firat t«rm, and all the other terms would 
be obtaiiied by means of an increasing anticipation of th 
movements of the hinder limbs. Fig. 4 1 represents this series, 
lu Fhe notation of each kind of pace, we have left on the same 
vi-Ttical the impact of the right fore-foot, which we shall choose 
as the commencement of each pace, nnd which will serve aa 
a point of reference to characterise each kind of locomotion. 

This table, prepared from di^nent treatise* on the Imru, 
represents as faithfully as we have been able to depict it, 
lliat which each author admits as constituting each particular 
kind of pace. The explanatory notes show the disagreement 
which ezists between the various theories relative to the suc- 
cession of movements which, characterise each of them. 'I'hus 
we see, ttiat with the exception of the amble, on vhich all 
are agreed, all the other kinds of paces are deEued in a 
different manner by various authors. Tlius, the notatiim 
No. 2, which, acoardiug to Merche, would correspond with 
the broken amble, would be, according to Bouley, the expre^ 
aion of the liigh Blep, or the pace of Norman ponies; while 
this same Norman pace would be, according to Lecoq, that 
which is represented ia No. 9. We also see tliat the notation 
of No. 3 would correspond, according to Merche, with the 
ordiiutry itep of a pacing horae, while Bouley would consider it 
as a broken amble, and Lecoq the traquemide ; which tragiietiade, 
according to Merche, would not differ from the pace repre- 
sented by the notation No. 10. The ordinary walking pact 
itself is not understood in the same manner by different 
writers, aud if the greater part of them, with Vincent and 
Goiffon, Colin, Boidey, &c., admit in this pace a succession of 
inipaala at unequal inl«rvaU, it is to be observed that the 
tlieory of Lecoq and Raabe, concerning the normal pace, u 
different. 

This disagreement can easily be expliuned : first, the 
observation of these movements is very difficult ; then, each 
pace must naturally present, according to the conditions 
under which it is studied, the different forms which each 
writer has arbitrarily taken as the type of the normal walking 
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pace. Each one has suffered himself to be guided in tliia 
respect by tbeoretical considerations. Those who ailmit equal 
interrals between the four footfalls, have thought that they 
found in this type more clearness and a more decided dis- 
tinction between the amble and the Ixot. The other writers 
have attempted the realisation of a certain ideal in the kind 
of pace which served them as a type. For Raabe, it was the 
maximam of staliility, which, according to his theory, is 
obtained whpn the weight of the body rests longer on the two 
diaf^nal feet than on the two lateral feet ; whence arises the 
choice of the type represented by tlie notation No. 6. Lecoq, 
thinking, on the contrary, that the most rapid pace is the best, 
has chosen as his type the pace in which the body rests longer on 
the two lateral feet than on the diagonal ones (notation No. 4). 
Whatever may be tha value of these considerations, of 
which practical men alone can judge, it seems to us that the 
physiologist must first of all endeavour to search for facts, and 
mnst take simply such types as experiment may reveal to him. 
Itisfor this purpose that the investigations have been made wiih 
registering apparatus, the result of which will now be given. 
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AFFARATDi 

or LOCOMOTION OP THE HOKSE. 

Tot ike trperimental thua employed in the experiments made 
on man has been substituted, on the horse, a ball of india- 
rubber filled with horsehair, and attached to the horse's hoof 
by a contrivance which adapts it to tlie slioe. 
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f turning an adjustmg screw we fix it to the liorse-shoi 
l»y three cftlchee, w 
keep the instrument 
curely fastened. A et 
ban<l of india-rubber pi 
over the apparatus (fig. 42), 
and hoeps in ita place ths 
ball filled with horae-hair, 
so Bs to allow it to rieo' 
elightlj ebore the lower 
surface of the hoof. WhcA'. 
the foot strikes the groimd, 
the india-rub1)er ball ia 
compressed, and drives a 
part of tlie confined air 
into the registering iostni- 
meuts. When the foot is 
raised, the ball recovers ita 
form, and draws again into 
its interior the air whioh 
the pressure had expelled. 
™J^"™ " ''"° ""'"° "■"' "" '"" These inetrumenta bood 
wear out on the road, bat 
will last during some time on the artificial soil of the riding 
school. 

For experiments which we have made on ordinary roadS) 
we have had recourse to an instrument represented in fig. 43. 
To the leg of tlie horse just above the fetlock joint is 
attached a kind of leather bracelet fastened by straps. In frost 
of this bracelet, which furnishes a solid poiut of resistanoo^ 
are placed various pieces of apparatus. There is, first, a Sat' 
Iwx of india-rubber firmly fised in front of tlie bracelet ; this ■ 
box communicates, by a transmission tube, with tlie registering 
apparatus. Every pressure exerted on the box moves the 
corresponding registering lever. It is evident that all ths 
movements of the horse's foot are ahoivn by pressures on ths 
india-rubber box, and are immediately signalled by the regia- 
tering levers. 

For this purpose, a plate of copper, inclined about 45°, ia 
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presBure wLicL this 
ypparatus exerU uu ilia 
iniliB-rubber Ikjx. 

Tlie function of t1 1 is 
apparatus is analogous ivitli 
tUnt of the instriiuient re- 
presented in fig. 28, in- 
" .w the re- 
actions which are produced 
I kinds of loco- 
motiou ; only the iiirlina- 
tion of the oscilUiting piir- 
B aUows theiti to tut oti 
the membrane during tlio 
movement of the elev 
the descent, and the huri- 
lontal progress of tlie foot. 

When the hoof meets 
the ground the hnll lins a 
tendency to continue iLs 
motion, and compresses y 
with force the india-rubl:ier 
Imix. When the foot nBes, 

the inPrtla of the ball produces in its turn a compreBMon 
by a kind of mBchiuiism already described with reference to , 
fig. 28. 

Through the kindness of Mons. Pellier, wb have l>een abla 1 
to experiment on seveni! horses, ridden by himself^ whil» J 
Ixdiliitg in hia hand the registering Jnstrumeuta. 
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When the horse had his feet fumiahed nith the iudia-rubU 
boxes whiuh have juet been described, thii:k truuBinittiiu^ 
tubes not easily crushed were fitted to these receptadesjl 
These tubes are usually fastened by flannel banda to the legs" 
of the animal, and thence directed to a poiut of altachmeat 
at the level of the withers ; they are then continued to the 
registering apparatus, wliich has been already described 
in the experiments on biped locomotioQ. The registrar aov 




carriea a great number of levers ; to must have four at 
least — one for each of the legs, and usually two other lever* 
which receive their movements of re-action from the withers 
and the croup. Similar kiada of apparatus to those repre- 
sented in fig. 2 8 are employed for this purpose. 

The rider carries by the handle a portable registering in- 
strument, to which all the levers give their siguals at once ; 
the hand which holds the reins is also ready to compress a, 
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hnll of india-rubber at the moment when tlie horaeman wieliet 
the tmcinga to commence. Fig. 44 represeuts the general 
arrangement of the upp'iTiitiis at the moineut when the rider 
ia about to collect the gr(i|)bic siguale of any particular pace. 



CHAPTER V. 



EXPEHIilENTS ON THE PACES OF THE HOKSK. 

Double aim of tliese eipfrimnnta ; determination of the morennnta under 

tlie phfsiulo^cal point of riew, and of Ihs attiludas with rererenLD 

to art 
Eiperimenta an the trot — Trafiiic^ of the prossnres of the feet and of ths 

TB-Mtions-Notmion of Iho trot— /"liisof the trot— K6i.rBHentBlii.li 

of the trotting hnne, 
Experimenti on the uiilkiug pnre— NotatioD of thia kind of motion ; its 

varietiea — Pitlt of the wJking [.ace— Itui'teseiitaiion of ■ luciag 



The aim 
physiology is I 
of tlie duration 
energy and diirt 
their Bucoessiou, 



these experiments ia tirofold; as far u 
ire derive irom them the espreseioa 

actions, and re-actions of eaeh pace, the 

on of each movement, and the rhythm of 

But t!ie artist is no less interested in 



knowing exactly the attitude whicli corresponds with eocli 
movement, in order to represent it faithfnlly with the various 
potei which characterise it. All these details are fumirhrd 
by the registering apparatus ; the artist need fear no error if 
he conform his akelches to the indications famished by the 
Irncinga made by tlie instrument. 

The remarkable work of Vincent and GoilFon was expre^&ly 
intended to estahbsh principles relative to the fuithful ropra- 
eentation of the horse. We shall borrow some things from 
thia book, which seems to have been too much forgotten, and 
not to have exi'rcised upon art the influence that might havo 
been expected. Thia is doubtless owing, in some degree, to a 
certain olisciirily in the mode of explunalion, and still more 
to the fact that tlie writers, having Iiad recourse only to Jin-ct 
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observation in order to analyse tlie paces of the horse, hai 
sot been able to give all tlie details. We trust tliat ve shall 
be more fortunate in our treatment of the subject; but wb are 
assured, at least, of the perfect exactitude of the data fur- 
nished by the apparatus tvliiuh we have used. 

Colonel DuhouBset has been kind enough to offer us his 
assistance in repTesenting- the horse in its various paces ; it is 
to his skilful pencil that we owe the figures represented in this 
chapter, which ore the failliful translation of the notation 
which accompanies tliem. We are also indebted to Mods. 
DuhouBset for some documents relating to the representation 
of the paces. 

The knowledge of the piste* — that is to say, the impressions 
which the feet of the horse leave on the ground — is of great 
importance i they enable an esperlenced eye to recognise the 
puc« of the Biiirnal wliich has marked them. h 

These piitM are of extreme value to the artist; tho^fl 
bIouo oan represent to him the limbs as they strike the ground, ^ 
y, ith the ti'ue distances which they ought to preserve from 
each other according to the size of the burse and tlie speed of 
the pace. We refer the reader to the works of Vincent and 
Goitfon, of Baron Ciirnieu, of Colin, &c., on this subject, con- 
tenting ourselves wilh giving merely, from these writers, the 
piite which characterises each puce. 

The first series of eKperimeals, ihe results of which we are 
aliout to analyse, were made in the riding school of Mons. 
Fellier, ^fs. Tlie horses were furnished, on each foot, with 
an instrument for determining pressures, similar to tliat which 
is represented in fig. 42. We slmll first discuss the experi- 
ments on the trot ; the tracings which they give are easy to 
be understood [ the study of these will serve as a preparation 
for the mOi'e complicated analysis of the other paces. 



ErperimgnU on tkt trot. — An old and very quiet borse taX' 
nished the tracing represented in fig. 46. In this plate ar« 
shown at the same time the tracings of the pressures of the 
four feet with their notations, and on the other side, the re- 
actions produced on the horse by this kind of pace. 



ON THE TEOT. 



Let UB analysp the tlefnila of these curves. Above are the 
re-actions luken from the withers tor the fore part of the 
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animal, which are given by the line R A (anterior re-actions), 
sud tram the croup for the hinder part, which correapond 
with the line R P (posterior re-actionB). 

Below are given the curves of pressure of the four feet ; 
they are drawn at two different levels ; aliove are tlie curvea 
of ihe anterior, below those of tlie posterior limbs. In each 
of iheee series the curves of the left foot are drawn with 
dotted lines, those of the rig)it with full lines. Whether 
dotted or full, these lines have been made thicker for the 
fore-limbs than for the hinder ones ; this difference, though 
of little use in curves as simple as those of the trot, will 
serve to render the more complicated tracings much more 
intelligible. I 

The moment when the curve begins its rise, represents tlw " 
commencement of the pressure of the foot on the ground. 
The instant when tlie curve descends sgain gives the si^ol 
of the rise of the foot,* It ia seea fi'om these tracings 
that the feet A G and P D, left fore-foot and right hind-foot, 
strike the ground at the eume time. The simultaneous lower- 
ing of the curves of tiie two feet shows that they also rise from 
the ground simultaneously. Under these curves is the nota- 
tion which represents the pressure of the left diagonal biped.f 

The second impact is given by the feet A D and P G (right 
diagonal biped), and so ou through all the length of tlie 
tracing. 

This experiment confirms the correctness of the standard 
theory of the trot, and at the same time affords additional 
information on some points. Thus, all writers agree in 
choosing, as the type of the free trot, ike pace in which all the 
four feet give but two strokes, and in which the ground is 
struck in turn by the two diagonal bipeds. It ia admitted 

* The darution of tbe ptessare ought to be marked bj* > horizontal line, 
tiDt we hsve mnde the tube soniowhat narrow in onlti to le&aen Ui« force 
of the Bbooks given to the rsj^sterinfi lover ; the nmrowinB ol the tube 
boa Blightly afTocted the curve, which, haweier, ptoducu no incouvenieace 
in atuitying the rhytboiB. 

t Each diagonal biped is named sfler the anterior foot of which It forms 
a part ; the left diagonal bijied meanj, therefore, left fore foot, rtght hiad 
foot 
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also that the trot ia a kiifh pace, and thnt, in the interviil 
between two succeaaive strokes, the animal U for oa instant 
raised above the ground. 

But we fiud diaagreeineiit when we come to estimate the 
duration ol' this suspension. Tiius, according to Bouley, it is 
»ery aliort in proportion to the doratioa of the pressure ; 
whilst Raabe thinks, on the contrary, that the pressure ia 
very short, so that the animal is a longer time in the air than 
on the ground. 

In the notation of the tracing (fig. 45), it is Been that the 
pressures are twice as long aa the periods during which the 
body is suspended above the ground. This experiment, there- 
fore, would confirm the opinion of Bouley in opposition to 
that of Boabe; but it appears to us that there is a great 
variety in the relative duration of the presaiirea, and of the 
periods of auBpeusion above 'the ground during the trot. 
ThoB, certain horses running in harness have furnished 
tracings in which the phase of suspension was scurceiy 
visible ; so that tliis form of trot resembled the low paces, 
only preserving that characteristic of the free type which 
arises from the perfect synchronism of the diagonal strokes of 
the feet. We have not yet been able to study the movements 
of rapid trotters ; in these perhups we should see, in an 
inverse ratio, the time of suspension increase oyer that of the 
duration of pressures. 

If we seek to ascertain the correspondence between the 
r»€tetioiti (R A and R P) and the movements of the Umbs, we 
aee that the moment when the body of the animal is at the 
lowest part of its vertical oscillation coincides precisely with 
that at which its feet touch the ground. The time of suspen- 
sion does not depend on the fact that the body of the horse is 
projected into the air, but that all four legs- are bent during 
this short period. The maximum height of the suspension of 
the body corresponds, on the contrary, with the end of the 
preasuie of the limbs on the ground. It seems, according to 
the tracings, that the elevation of the body does not com- 
mence till after each double impact, and that it continues 
during the whole time of the presaure. 

It is also seen, in the same ligure, that the te-actions of the 
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fore-)im)is are niiicli more coosiderable l)iaa those of f 
hiiider ones. This fuct appears to us to be cnnslunt i and ttil 
inequality of the re-actiousis still more lunrked in ths wal 
ing paoe, becuuse the apparatus placed on the withers kIoum 
always gives appreciable re-actions, while that oa the < 
gives scarcely any. 

0/ tkt irrfgtdar trot {trot rf^wwu).— We pall that a free 
trot which gives two distinct sounds to the ear for each pace, 
and we name that irregular, each sound cf which is in a cer- 
tain degree divided by the want of syuuhronism in the strokes 
of each diagonal biped. The irregular trut has been met 
with in many of our experiments. Occasionally this pace was 
continued, and then tlie want of synchronism existed aomr- 
times in the impacts of the two diagonal bipeds, and some* 
times in one pair only; at other times, on the contrary, the 
trot was irregular only for an instant, at the moment of the 
passage from one kind of pace to another. In all the experi- 
ments wliich we have hithexto made, the want of synchronism 
depended on the hinder limb lieing behind the anterior Umh 
which corresponded diagonally with it. 

Fig. 46 rr-prftsents the notation of an irreijiUar trot, in 
which the di:igounl impacts leave betnoen tliem an appre- 
ciable interval 1 of lime. We can. rocopiiise this by the 
obliquity of the dotted line which unites lULh each other the 
impacts of the two diagonal bi^teds. 



Hie jiiitt of (he trot is represented in fig. 47, according in 
Vincent and Goiffon. All the prints are double, f<)r the 
binder-fool always comes up to take the place of the forefoot 
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In fig, 47 we have rendered this superpositio 
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1 order to avoid confuaion j for the same purpose, me bavB 
represented the priuts of the fore-feet by dotted lines, those of 
the liind-feot by full lines. In the trot, the printa of the left 

f et alternate perfectly with those of the right feet. 



^^ Accordinp to the speed of the trot, and the size of llie 
^Ljtorse, the pisU varies much with respect to the apace whith 
^H^eparates the prints on the same side 
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make our obaervations at the start of the aoiiaal, i 
moment when he passes from the walliiDg puce to tlie trot. 
The diagonal impacts succeed eacli other without interval, as 
is seen in the notation placed below the figure. The animal 
haa been depicted from the notation. 

The inBtant which the artist has chosen is that which is 
marked in the notittion by a white dot. At this moment, as 
the superposition iudicates, the left fore-foot is at the end of 
its pressure ; the right fore- foot is about to reach the ground : 
the right hind- foot is fiiiisliing its pressure ; the left hind-foot 
ia about to iall. Tlie inclination of the limbs is that which 
correeponda with each of the phases of the pressures and the 
rise of the feet. The distance separating the feet is that 
which is indicated by the prints on the ground. Thus, in 
Sg. 48, it ia eeeu that the trot is ahortened, for tlie hind-foot. 
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ppn the point of striking the ground, will not reovli the plact) 
of the fore-foot oa the same sitle. 

I'Ue ilnaUd and Uaijihtncd trot is represented in fig. 49. 
which hiia atreaily served to show tlia rider aud his borse 
fiini{shi.d with the ine'ruments for the purpose of forming 
tracings of the various pnces. Tiie animal is depicted at the 
iiixtaat which, in the notation, is represented by a dot ; that 
is to say, during tlie time of auepensioii, at the moment when 

I the left diagonal biped has just risen and the right diagonal 

Ltiiped is about to descend. 

OF THE WiLKINO FACZ. 

Expfrimeim on the iciilHng pnea. — The explanationa into 
wnich we have entered in order to analyse the tracings of a 
trot, will facilitate the interpretation of tliat of the walking 
pRce, represented in fig. 50. These tracings have been obtained 
Iron) the same horse as the preceding ones. 

If we let fall a perpendicular from the points at which the 
eUTves commence, we shall have the position of the successive 
impacts of the four legs. Oa account of the thickness of the 
Btyle employed to truce these curves, the foot corresponding 
with each of them is easily recognised, therefore we cun 
mark on each of these perpendicular lines the initial letters 
of the foot which at this moment reaches the ground. The 
order of succession of impacts is represented by the letters 
A D, P O, A G, P D ; that is to say, ri-jla Jore-S^ox. hjt hind- 
foot, Uft Jorefoot, right hind-foot, which is tl.e succusaiuii 
admitted by writers on the subject. 

There remains to be determined the greater or less rcgti- 
larity in the succession of these impacts, and tlie relative 
exient of the intervals which separate them. For this purpose 
it is sufficient to construct the notation of the rhytlim of the 
preasure of eadi foot according to the registered oiirves. 
This notation for fig. 50 shows that the interval which sepa- 
rates tlie impacts is always the same, and, consequently, that 
the horse rests during the same time on the lateral aa on the 
diagonal bipeds. But this is not always the case. 

That we may render the auoceasive positions of the centre 
of gravity easily understood, we will explain in few words tlie 
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Tqaimer in which the notatton of &g. SO has been conelructa 
7 T we let fall perpendiculars corresponding with each of thaM 



iBch of tlM^^l 




J 



OF THE WALKING PACE. 



161 



footfallB, beginning with that of the right fore-foot, which Is 
marked No. 1, we shall divide the fibres into aucceasive por- 
tioos, in which will be found the impacts, aometimes of two 
legs on the same eide (lateral biped), at others, of two placed 
diagonally (diagoaal bipod). Time, from 1 to 2, the horse 
will rest on the right lateral biped i from 2 to 3, on the right 
diagonal biped (that is to say, on that in which the right foot 
comes Jint) ; from 3 to 4, on the left lateral billed ; from 4 
to 5, on the left diagonal biped ; again, from S to 6, the horse 
would Qnd himself, as at the beginning,' on the right lateral 

This experiment has reference entirely to the standard 
theory of the pace (see No. 5 of tlie synoptical table), but 
some horses walk in a manner somewhiLt diiferent. 

Fig. SI is the notation of the walking pace of a horse 
which rested longer on the lateral than on the diagonal 
pressures. 

Sometimes the contrary is observed ; in the tranaitiona 
from the walk to the trot, for instance, we have found the 
duration of the diagonal pressures predominate. 

This study, in order to be complete, ought to have been 
carried on under more favourable conditions than those which 
we have hitherto been able to meet with. It would be 
desirable to obtain many horses belonging to different breeds ; 
to study their movements when led by the hand, mounted, or 
harnessed ; to vary the load which they carry or draw ; to 
experiment on level or sloping ground, &o. All this con only 
be effected by men especially interested in these iuquines, and 
placed in favourable circumstances to undertake them. 

While making observatione on draught horses, it has 
seemed to UB that when the animal strives to re-act against 
the weight of the carriage pressing upon him, he may have 
tliTtt Jett on tht ground at once. This Borelli considered 
to he the normal walking pace ; we have just seei 
oontrary, that in the natural walking pace there are never 
aore than two feet on the ground at a time. 

As to the re-actioiit during the walking pace, they 
represented in fig. 50. We have aacertiiiued generally that 
the re-actione of the fore-limbs are the only ones of any 
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^M portance ; we are led to suppose, Ly the extremely elieht rOv^^f 
^H actions of the hinder parU, that tiieir action consists chiefly^^j 
^H in a forward propulsion, hut with very Blight impulsioa of 
^H the body in an upward direction. This agreea with the theory 
^1 somewhat generally admitted, by which the fore-legs would 
^M have little to do in the normal pace except to support alter- 
^M nately the fore pan; of the body, while to the hind limbs 
^M would belong the propulsive action and the tractive force 
H developed by the animal. ^H 
^H The piets of the walking pace, according to Vincent and ^^M 
^P Goiffon, is analogous with that of the trot, except that it pr^ ^^^ 
H eents a shorter interval between the successive footprint* on 1 
the same aide. 

H^ Fio bi -PiBto 111 tl;o wsltiDB pace, nftflr Vincent rad OoiBbn. 1 

^M In the ordinary walk, this distance would he equal to thft ^B| 
■ height of the horse, measured at the withers. Aa in the trot, "* 
the prints are covered at each pace ; those of the right foot 
alternate perfectly with those of the left. This character of 
the piile of the walking pace is, however, observed only under 

FlQ. SS.-PMe or the unblf. after Vincent nndGnlfron: It dUTan^mtlut ^^H 
;{ IbB WKlkiiiK ™po, onlv b)- tbo non-siii»rp™iti<,ii at Uic InotvrtnU on ^^M 
the ntnc ulUa, Tlie hind loot ii pluud ou Uiti giMuud beyuud tlw im- ^^^1 

certain conditions of speed, and on level ground. On riaing^^^l 
ground the prints of the hind-feet are usually behind those ofi^^l 
the fore-feet ; in a descent, on the contrary, they may posaiblj^^H 
pass beyond them, which would give the piate of the wbU^^H 
some reaeniblance to that of the amble. ^^H 
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Represeiilalion of a pacing horie. The representation of a 
boree at titu wiilkiug yaix litis been giveu by Muua. Duhouaset 
in fig. 54. The iiiatant chusen is marked ia the notation by 
a dot. We shall not give an enumeration of the positions of 
the Umbe of the animal aa ehowa in the notation, as we have 
already done eo in the representation of the trot. 
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CHAPTER VI. 

EXPEBIUENTS ON THE PACES OF THE HOBSE 

{ConSiuiat.) 

Ejp«rinient> on the gultnp - Kota^on of th« gaIlo|i— Be-Ktioiu— Bum! 

fiui>poTt^ — Piatea of tlie gntlop—UeprcMDtittoD of B galloping borse in 

the Tuioiu timea of tliu pace. 
TranKitioBS, or poaaa^e, ftom oue step to the other— AiialysU of tlio pncca 

bj meana of the nolation rule— Sjothitla ropmluction of the 

dilTiireut puces of tlie liorae. ^ 

OF THB GALLOP. 

Setebal different paces, the comman cliarscter of vMoh' 
that irregular impacts return at regular intsrvals, ara com] 
bended under this name. Most of the writers diatin] 
three kinds of gallop \iy the rhythm of the impjicts, 
name them, according to tliis rhythm, gallop in (uo, (^i 
and /our ttrfi*. The moat ordinary kind is the gallop 
time ; this we shall study ia the first place. 

Exptrimentt on Oie gallop. Fig. 55 has been obtained from 
a horse which giiUoiH^d in three-time. At first eight, the 
notation of this pace reminds us of that which we have 
represented when speaking of human gallop (fig. 36, p. 184), 
a pace used by children when " playing at hursea." It 
appears that the notation of the horse's gallop has beeQ 
oiilained by placing one over another two of these notations 
of the biped gallop ; so that, in fact, the comparison used by 
Dug^s is perfectly just, even nhen it is applied to the gallop. 

Aualyti$ of Ilia tracing. At the commencement of the figure, 
the animal is suspended above the ground ; then comes the 
impact P Q, which announces that the left hiud-foot toui ' 
the ground. This is the foot diagonally opposed to that whii 
the horse places forward in the gallop, aad whose impact A 
will be produced the last. Between these two impacts, anl 
distinctly in the middle of the interval which separates them, 
the simultaneous impact of the two feet forming the 
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^r left diagonnl Lippd. The superposition of the iiotiitiona A G, ,^^| 


P D, ctetirly eliowB this Hyncbroniem. 
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In this series nf movements the ear has, therefore, 
tingiiished three lotiiidt, at nearly equ&l intervuls. The first 
sound is produced bj a bioder foot, the eecnod l>y a diagonal 
biped, the third by a fore-foot. Between the single impact 
the forefoot, trhich constitutes the third sound, and the 
beat of the pace which follows, reigns a silence whose di 
tioQ is exactly equal to that of the tliree impacts tal 
together; then the series of movements . 

By the inspection of tlie curves, we see that the preeei 
of ttie feet on tlie ground must be mors energetic 
gallop tbau in the other paces already represented, for 
height of tlie curves is evidently greater than for the trot, 
and especially so as compared with the walk. In fact, the 
animal must not only supiiort the weight of its body, but give 
It violent forward impulBes. I'he greatest energy seems to 
belong to the first impai't. At this moment, the body, raised 
for an Instant &om tlie ground, falls again, and one 1(^ 
alone sustains this siioiik. 



erefnre, dw^^^H 
"'^ first 

ctof 
firat ^_ 

trot^M 



If we wish to take account of the successive presturei which 
sustain the body during each of the steps in tlie gallop, we 
have only to divide the duration of this pace into successive 
instants in which the body is sometimes supported on one or 
on several feet, and sometimes suspended. The notation {fig. 
56) allows us to follow in (A) the suixssaiou of impacts, and 
shows in (B) the succession of the limbs wliich cause these 
pressures on the ground. 

If we wish to ascertain what are tlie re-actions produced at 
the withers, we see them represented in fig. 55 (upper line R). 
We find an undulatoiy elevation, which lasts all the time 
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that the animal touches the ground ; in this elevation are 
recognised tJie effotta of tho three inipacla, wliieh give it a 
triple undulation. Tlie minimum elevation of tlie curve cor- 
reHponds, ae in the trot, with the moment when the feet do 
not touch the ground. Therefore, it is not a projection of the 
body into the air which constitutes the time of suspension in 
the gallop. Lastly, by comparing the re-actions of the gallop 
with those of the trot (fig. 45), we see that in the gallop the 
rise and fall of the body are effected in a less sudden manner. 
These re-actions are, tliereibre, less jarring to tii» rider. 
tliOLigh they may, in fact, present a greater amplitude. 

I'isle of the yatlvp in Ihrtf-time. — According to CuTnieu, ihie 
piste is the following: — 
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The piste of the gallop varies according to the speed. In 
the ihort gallop of the riding school, the hind-feet leave their 
prints behind those of the fore-feet ; in the rapid gallop, on 
the contrary, they come in front of the prints of the fore-feet. 
A horse which, in the pace of the riding school, gallops 
Blmost entirely within his own length, will, when started at 
flill gallop, cover an enoniious sjinco. According to Cumieu, 
tlie famous Evlipue covered 22 English feet. The fuUowing 
is the piste which this very rapid pace leaves on the ground : — 



Reprnfiilalion i<f a horse galloping. — For this representation 
e will give three attitudes, ditferiug uuch from each other, 
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and GorreBpondliig nearly with the tbree kinds of time foui 
iu this pace. 




In the first time, fig. 59, the left hind-foot, on which the J 
horse has just descended, alone rests on the ground, 

In the second time, &g. 60, the left diagonal hiped hoe jiulil 
finished its impact, the right fore-foot is ahout to leaAih ihef 
ground, the left hind-foot has just risen. 

The third time of the gallop, fig. 61, has heen drawn c 
well as the othera by Mens, DuhouBset according to tbe nota- 
tion; tlie moment chosen is that in nliich the right foot 
alone rests on the ground, and is about to rise iu its turn. 
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Tlie figure wLic;li represents it is ratber etranfre ; the eye 
but little occustoued to see thia time of the gaUop, which is 
doubtless very rare. Wliea consiilering this ungraeeful figure, 
we are tempted to eay with De Curuieu, " tlie province of 
[laiutiug is what cue sees, and not what really exists." 

The gallop in four-time differs from that which has ji 
been described only in this point, t!iat the impacts of 
diagoral biped, which constitute tlie second time, are dieuni 
iiJid ^'ivo dislinct sounds ; we see an esumple of this in fig. 63. 






I 
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According to this notation, the body, at first suspended, ia 
borne successively on one foot, on three, on two, on three, and 
on one, after which a new suspension recommences. 

OJ the full gallop. — This very rapid pace could not h« 
studied by means of the apparatus which we have emplc 
hitherto. It was necessary to construct a special 
instrument, and new experimental apparatus. 

To leave the two hands of tlie rider free, the regisf 
inBtrument was enclosed in a flat box, attached to the back 
the horseman by straps like the knapsack of the soldier. We 
shall not attempt the detailed description of this inBtrument, 
which carried five levers, tracing on smoked glass the curves 
of the action of the four legs, and the reaction of the withers. 
The violence of the impacts on the grttund is such that they 
would instantly have broken the apparatus before eniplojed. 
We have substituted for this a copper tube, in which mov»« a 
leaden piston, suspended between two Bi>iral springs. The 
shocks given to this pi»t«n at each footfull, produce au eSeot 
like that of an air-pump acting on the registers. A ball 
india-rubber, which can be pressed between the teeth, seta 
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register going, and allows Uie traciog to lie taken at a euitable 

Through the kindness of Mons. H. Delnmarre, who placed 
at our disposal his stables at Chantilly, we have been able to 
jirocure tracings of the full gallop, of which the following is 
the notation : — 



I 



I. 



Pio. «3.— NaUHaa o[ till gallop ; n-utlaiia t>[ this pace. 

It is seen that this pace is, in reality, a gallop in four-time. 
The impacts of the hinder limhs, however, follow each other 
at such short intervals, that the ear can only distinguish one 
of them ; but those of the fore-legs are noticeably more dis- 
sociated, and can be heard separately. Another character of 
the full gallop is, that the longest period of silence takes 
place during the pressure of the hinder limbs. The time of 
suspension appears to be extremely short. 

To get the best possible results trova these experiments, it 
would be necessary to repeat them on a. great number of 
horses, and to ascertain whether there may not be some rela- 
tion between the rhythm of the impacts and the other 
characters of the pace. We must leave tliis task to those 
who especially addict themselves to the study of the horse. 

Lastly, let ua add, that the rc-actiont, in full gallop, repro- 
duce with great exactness the rhythm of the impacts. Thus, 
it is observed, that at the moment of the almost synchronous 
impacts of the two hinder limbs, there is a sharp and pro- 
longed re-action, after which two less sudden re-actions take 
place, each of which corresponds with the impact of ods 
the fore-legs. 

The line placed above fig. 63 is the tracingof the re-octions 
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of the withers. This curve, beiog placed ahoTo the notation, 
euablee us, hy the superposition of il« rarious elements, tc 
notioo -nith wliich impact of the limbs each re-oction cor- 
responds. 

OF THB TKANSITIOJIB BETWEEN THE DIFFEEESr KISDS 



An observer Gods great difGcult; in ascertaining how onfl 
kind of pace paases iuto another. Tlie graphic method fur- 
nishea a very easy means of foUowiog these transitions; thia 
will perhaps be not one of the least ndvaittagea of the employ* 
ment of this method of studying the paces of the horse. 

In order thoroughly to understand whitt takes pUce in theao 
transitions, we must refer again to the comparisoa made hy 
DugSs, and represent to ourselves two persons walking, and 
following each other's footsteps, both in the trot and tha 
gallop. In these continued paces, these two persons present 
a constant rhythm in the relation of their movements ; while, 
iu the transitiona, the foremost or hindermost person, as the 
case may be, qtkickens or moderates his movements so as to 
change the rhythm of the footfalls. Some esumples will 
- render tliis more evident. 

TIte principal transitions are represented in page 1 74. 

Fig. 64 is the notation of the transition Jrom the italkiiig 
pace to the trot. The dominant character of this cliange, inde- 
pendently of the increase of rapidity, consists in the hinder 
impacts gaining u[ion those of the fore-limbs ; so that tha 
impact of the left hind-foot, P G, for instance, which, during 
the walking pace, took place exactly in the middle of the 
duration of the pressure of the right fore-foot, A D, gradually 
advances till it coincides with the commencement of llie 
pressure A D, and with the impact also, at which time tha 
trot is established. 

Fig. 65 indicates, on the contrary, the transition from ihs 
trot to tk« walk. We see here, in an inverse manner, the 
diagonal impacts, synchronous at first, heoome more and more 
separated. A dotted line, which unites the left diagonal 
impacts, is vertical at the commencement of the figure in the 
part which corresponds with the pace of the tret j by degree* 
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tliis line l>Gcoinps otilique, ehowiog that the synchronism is 
diBBpjjeariiig. The direction of the obliquity of this line 
proTGA that ttie hinder limbs grow slower in their movemetits 
ia passing from the trot to tlie walk. 

Id the paaioge Jrom the trot to the gall-p the transition is 
very curious ; it is represeuted bj tlie nututioa, fig-. 66, We 
eee, from the very coniuiencement of the figure, that the trot 
is somewhat irregular i the dotted line which unites the left 
diagonal impacts A O, P D, is at first riither ohlique, and in- 
dicates a slight retardation of tlie hind-foot. This obhquity 
constantly increasea, but only for the left diagonal biped ; tho 
right diagonal biped A D, P Q, remains united, even after 
the gallop is estabhahed. The transition from the trot to the 
gallop is made, not only by the retardation of the hind-foot, 
but by the advance of the fore-foot, so that two of the diagonal 
impacts, which were synchronous in the trot, leave the greater 
interval between them ; that which in the ordinary gallop con- 
stitutes the great silence. An opposite cliauge pixnluces tlia 
trautition from tin gallop to the trot, an is seen in fig. 67. The 
transition from the gallop In four-time to that iu three-time is 
made by an iucreu^iing antiuipation of the impuclA of the 
biuder limbs. 

ITNIHETIC BTUOT OT THE PICES OF IRE BOBSB. 

Tlie analytical method to which we have hitherto had 
recourse in describing the paces of the horse may have left 
many things obscure in this delicate question. We hope to 
dear them up by recurring to the synthetic method. 

When trac'iiig, at tlie commencement of this study, the 
■j-noptical table of tlie different paces, we classed their nota- 
tions in a natural series, the first term of which is the amble, 
and in which the difference between one step and the next 
consists in an anticipation of the action of the hinder limbs. 
This transition is just what ia observed in anitiials. A drome- 
daiy, for instance, whose normal pace is the broken amble,* 

• ThronRh tliB kir.ines* of Mnna. aeofTrey 3l. HiUira, ciirMtor of llia 
" J«rdin d'Aodimiitation," we Lnve lieeii pennifted to atndy the paces of 
different r)uiilriip'ds, itad aa['cciully tliuea of ihe Urge dromeJury which 
that garden poawssei. 
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has given us the nhole Bories of notations, whiuh, in our 
i^uoptiotJ table, separate No. 2 from No. 8. Wheu urging 
on tho animal and forciag bim to trot, he first broke hia amble 
in an exaggerated manner, tlien he began to walk, and after- 
■Worda commenced an irregular trot, which soon became n free 
trot. We have just seen that the paces of the horse are formed 
in the same order when the animal passes from the walk to 
the trot. 

When a horse begins to move more slowly, the change of 
pace is effected in an inverse manner ; the paces succeed each 
Other by running up the series represented in the plate. 

The greater or less anticipation of the action of the hinder 
limbs is represented in the plate by a sliding backward of the 
notation towards the left of the figure. This fictitious sliding 
may become real by using a little instrument, which enables 
us to UQiIerstand and explain vtry simply the formation of the 
different paces. It consists of a little rule, somewhat analo- 
gous to the sliding rule used m calculation, and ithich carries 
the Dotations of the fuur bmbs on four little shps, which can 
glide side by side, and lie nrrunged m various positions 




Figs. 68 and 69 show the arrangement of this little instru- 
ment. Let us imagine a rule made of black wood, having 
four narrow grooves, in which slip sliding portions, alternately 
black and white, or grey and block, in order to represent the 
notation of the amble, as iu No. 1 of the plate. If we push 
towards the left the two lowest slides simultaneously (fig. 6B), 
e shall form, according to the amount of displacement, one 
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or other of the notations in the table of rf^lar paess. JlS^ 
Bcale, marked I, 2, 3, 4, ftc., up to which we can 1 
mark representing the left hinder impact, allows ua to form 
without hesitation aay notation whatever. 

To form the notations of the gallop, it is necessary to shifk _ 
the alidea corresponding with the fore-legs, bo 
tlieiu encroach on each other as ja seen in notation, fig, 69. 



I 




The notation rule is thus ufted. When we are sure 
the pace is regular, it is sutBcient, for instance, to exai 
the impncta of the two right feet, in order to cnnstruot 
whole notation. According as the hinder impact is synchro- 
nous with that in front, or precedes it hy a quarter, hal^ 
three-quarters, or the whole of the duration of a pressure, we 
place the two lower slides in the poeiiion which they ought to 
occupy, and the notation is thus simply constructed; it shows 
the rhythms of the impacts, the duration of the lateral and 
diagonal pressures, &c. The construction of the various 
paces of the gallop is effected in the same manner. 

The artist who wishes to represent a horse at any instant 
of a particular pace, can thus easily determine the correspond- 
ing attitude. lie forms on his rule the notation of the pace 
of the horse which is to be represented. Then, on the length 
which corresponds with the extnnt of a sing'le pace in this 
notation, he erects a. perpendicular line at any point. THt 
line corresponds with a certain instant of the pace. Thus, a> 
he can trace, on the length corresponding with a singh 
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an indefinite numbnr of perpendicular lines, it follows thnt the 
artist Diity choose iti the durittion of any pave, in any kind of 
locomotion, an indefinite number of different attitudes. Sup- 
pose him to have miule his choice, and that he wishes to 
represent in the kind of pace (Bg, 68), the instant which is 
marked by the vertical line 7, the notation will show him tliat 
the right fore-foot has juat been placed upon the ground, tlmt 
the left fore-foot is therefore beginning to rise, that the right 
hind-foot is almost at the end of it« pressure on the ground, 
and that the left hind-foot is near the end of its rise.' All 
that is necessary, in order to represent the animal exactly, is 
to know the attitude of each limb at the different instants of 
its rise, fall, or pressure, which is a comparatively easy matter. 
Cut the artist, guided by this method, will thus inevitably 
avoid altogether those false attitudes which often cause repre- 
sentations of horses to be so' utterly unnatural. 
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Mons. Mathiaa Duval has undertaken to make, in order to 
illustrate the locomotion of the horse, a series of pictures, 
which, Been by means of the zoolrope, represent the animal 
as if in motion in the various kinds of paces. This ingenious 
physiologist formed the idea of reproducing in an animated 
form, as it were, that which notation has done for the rhythm 
of the movements. The following is tlie arrangement which 
he employed. He first drew a series of figures of the horse 
taken at different inatants of an ambling pace. Sixteen suu- 
ceesire figures enabled him l« represent the series of poaitiooB 
which each limb successively assumes in a pace belonging to 
tliie kind of locomotion. This band of paper, when placed 
in the instrument, gives to the eye the appearance of aa 
ambling horse in actual motion. 

We have said that all the walking paces may be oonnidered 
aa derived &Dm the amble, with a more or less anticipation of 
the action of the hind limbs. Mons. Duval has realised this 
in his pictures in the foUowing manner. Each plate, on 
which haa been drawn the series of pictures of the ambling 
hoi-se, is formed of two sheets of paper placed the one on the 
other. The upper one lias in it a number of slits nr openings, 
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SO that each horse is drawn half on this sheet, and th 
half on that which is placed beneath. The hind quarters, 
for example, having been drawn on the upper ah^t, the fore 
quarters are drawu on the under slieet, and are visible through 
the portion cut out of the upper sheet. Let us aupjiose that 
we cause the upper paper to sliila aa far as the interval which 
separates two figures of the horse, we shiill have a series of 
images in which the fore limbs will full back a certain dis- 
tance towards the bind limbs. We shall thus represent, 
under the form of pictures, what is obtained under the form of 
notation, bj slipping the two lower slides of the notation rule 
one degree. And as this displacement to the disbmce of one 
degree for each of the movements of the hinder limbs gives 
the notation of the brjken amble, we shall obtain, io the 
figures thus drawn, the series of the successive positions of 
the paces of the broken amble. If the paper be made to slip 
a greater number of degrees, wo shall have the series of a 
tudes of the horse at his walking pace. A still greater dis- I 
plaoement will give the attitudes of the trot. 

In nil these ouses, these figures, when placed in the instru*.! 
meiit, make the iUusion complete, and show us a horse whidi I 
ambles, walks, or trots, as tlie case may be. Then, if ff« 1 
regulate the swiftness of the rotaliou given to the instrument^ J 
we render the movements which the aiiimiil seems to executa I 
moi« or less rapid, which will permit the inejcperienoed.1 
observer to follow the series of positions of each kind of pace, ■ 
and aoou enable him to diHtingiiish with the eye a series dtM 
movements in the living animal which appear at first sight toM 
be in absolute aonfusion. 

We hope that these plates, though still somewhat defective, 
will BOou he eulHcieutty perfect to be of real uie to those who 
are engaged in the artistic representation of the horiie. 

After these studies of terresirial locomotiou, we ought to 
explain the mechanism of aqunlie locomotion. Some recent 
experiments of Uons. Ciotti have thrown great light on the 
propulsive action of the tails of fishes; not that they have 
uvei'ihriiwn the theory held ever xince the time of Boiaili, 
Ounceiiiiiig tlie meohanism of swimming, bat they have ap> 
pi'u.>ched the queblJoii in another mauuur. that of the synthfldf 
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reprodacdon of this phenomenon. This method will certainly 
permit us to determine, with a precision hitherto unknown, 
both the motive work and resistant work in aquatic 
Licomotion. It will, therefore, be advisable to wait for the 
results of experiments wliich are now being made, and 
which will be of equal service both to mechanicians and to 
physiologists. 
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CHAPTER L 

OF THE FLIGHT OF INSKCT3. 

hT>qnency of Ihs htmfc™ ofthnwin^ of inserts during flight; 

detunniiintioii ; gra[iliic detanniiiitiiin — Influences which modily d 
frequency of the uiovemeiiti of the ving— Synchroniim of the actio 
of the I1T0 wings— Optical ilctermiiution of the mo 
win^ : its trajectory : cliati^^ in the plana of the wiugj dinetloii 
of tlm muvtmant of the wing. 

In terrestrial locomotion we have been able to menrare by 
experiment the preeaure of the feet on the ^ound, and hence 
we have deduced the intenaily of the re-uctioiia oa the bod; 
of the animal. Those two forces were easilj ascertained by 
direct measurement. In the problem which ia now to occupy 
us, the conditions are very dtfferetit. The air gives a certain 
resistance to the wiugs which strike upon it, but it is a resis- 
tance every instant yielding, for it is only in proportion to the 
rapidity with which it is displaced, that the air resists the 
impulse of the wing. When we study the phenomena of flight, 
it ia therefore net-essary to know the movement of the wing in 
all the phases of its speed, in order to estimate the resistance 
which the air presents to that organ. We will propound in 
tlie following order the questions which must be resolved. 

1 . What is the frequency of the movements of the wing a 
insects f 

2. What are the successive pnsitinns which llie wing o 
pies during its comiilrle revolution i 
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8. How is the motive force whiuh austaioB and tranaporta 
the body of the sniroal developed ? 

1, Frequency of tlig moveinenls of the icing of imeeU. — Tha 
frequency of the moTemeata of the wing varies according to 
epeciea. The ear perceives an acute sound duriog' the flight 
of mopquitos and certain flies ; there is a graver Bound during 
tlie flight of the bee and the drone flj ; still deeper in the 
niacroglossas and the Bphingidie. Aa to the other lepidoplera, 
they have, in general, a silent flight on account of the few 
alrokes which they give with their wiuga. 

Many naturaljete have endeavoured to determine the fre> 
qiiency of the strokes of the wing by the tnusical note pro- 
duced by the animal as it fliea. But in order that this deter- 
mination should be thoroughly reliable, it must be clearly 
establiahed that the sound produced by the wing depends 
excluaively on the frequency of its movements, in the same 
manner as the sound of a tuning-fork results from the fre- 
quency of its vibrations. But opinions differ on this subject; 
certain nritera have thought that during fliglit there is a 
movement of the air through the spiracles of insects, and that the 
sound which is heard depends on these alternate (UDvenienta. 

Without giving our adherence to this opinion, which 
seems to be contradicted by many fncts, we think that the 
acoustic method is insufficient to furnish an estimate of the 
frequency with which the wing moves. The reason which 
would induce us not to employ this method, is that the 
rouaical note produced by the flying insect ia varied by oLher 
influences besides the changes in the strokes of the wing. 

When we observe the buzzing of an insect flying with a 
uniform rapidity, we perceive tliut the tone does not continue 
conatantly the same. Aa the insect approochea the e^r, the 
tone rises; it sinka as it goes further from us. Bomethingof 
an analogous kind happens when we cauae a vibrating 
tuuing-fork to pasa before the ear; the note at first becomea 
more shrill and tlien more grave, and the difi'erence may 
attain to a quarter or even to half a tone. We must, there- 
fore, take care that the insect on which we experiment should 
be always at the same distance from the observer. This dis- 
turbing phenomenon, however, ptesenta no real difficulty of 
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i TiAa, tlw GensaB writer on aeoiutic*, 
pcrfMtlj OTj ia hwrf iL Tbcsc !• no doubt that the vibratioiis 
■lv«nlollDW«M!hotlMr cficrflMMBeintaTaloftime; when 
K nbnlbig ^ato iw i ia i at the mum distaaee htm the ear, 
dM vibntkaa nqvira tha iVBO timo to naeii ns, and tbe 
rhfanaiBTM, naifafv fiir the inatnuMnt, is &Bilonn also for 
•■r orgaa. Ob tbe contniT', if the inatraraeait be brought 
mfiSy neai^, dia vifavation whidi ta produced ereiy inslaut 
Bchm tbe tjmpBnum ; it 
I praooded it, luid tlie sound 
IT lb« inatmnent ba removed to a greater 
e the Tibrationa are skhv extended, and the tone he- 
Gomee more grarv. Eretyone fasa remarked, when travelling 
on a iBilroaiL th&t if a looomotire paeaea oa while the drirer 
is aonnding the whistle, the sharpoeaa of the tone iucroases as 
the engine oomea neaivr. and becomea graver when it haa 
paaeed by aa, and the whistle ia rapidly carried to a greater 
diatanoe. 

From theee coosiiJerations we must be convinced that it ia 
vety difficult lo ealimate &om the mueical tone produced by 
a flying insect, the absolute frequency of the strokes of its 
iricigs. This depends to some extent on the variation of the 
tone thus produced, which passes at each instant &om grave to 
sharp, according to the rapidity and the direction of the flight. 
Besides this, it is not easy to assign to each wing the part 
which it plays in the production of the sound. We have also 
to take into consideration that the wing of an insect may, by 
brushing through the air as it flies, be euhjected to sonorous 
vibrations much more numerous than the cutoplete revolutions 
which it accomplishes. 

The graphic method furnishes a simple and precise solution 
of the question ; it enables us to ascertain almost to a single 
liont tlie number of movements made per sOL-oud by an insect's 
wing. 

Erperiment. — A sheet of paper blackened by the smoke 
of a nax-CBuJle, ia stretched upon a cylinder. This cyltDder 
turns uniformly on itself at the rate of a turn in a si 
end a -half. 

The insect, the frequency of the movement of whose winf 
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is tn be studied, is Leid bj the lower part nf the abdomen, in 
& delicate pair of forceps • it is placed in But'li a mauner that 
CHie of its wings bruslies against the blackened paper at every 
wovement. Each of these contacts removes a portion of 
the black substance which covers the paper, and, as the 
cylinder revolves, new points continually present themselves 
to the wing of the insect. We tliUH obtain a perfectly regular 
figure, if the insect be held in a steadily fixed jiosition. These 
figures, of which we give some examples, diifer ac(«rding oa 
the contact of tlie win^^ with the paper Los been more or 
lens extended. If the contact be very slight, we obtain a 
series of points or short cross-lines, as iu fig. "0. 
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I Knowing that the cylinder revolves once in a second mid 

I a-half, it is easy to see how many revolutions of tlie wing 

are thus marked on the whole circumference of the cylinder'. 

But it is still more convenient and aocurata to make use of a 

chronographic tuning-fork, and to register, near the figure 

traced by the insect, the vibrations of the style with which 

the tutiing-fi)rk is furnished. 

I Fig. 70 shows, by the side of the tracing made by the 

\ wing of a drone-fly, that of tlie vibrations of a tuning-fork, 

which executes a double oscillation 250 times in a second. 

Thia instrument, enabling us to give a definite value to any 

portion of the tracing, shows that the wing of the drone pm- 

fbrmed &om 240 to 2&0 complete revolutions per second. 



t8« 



ANIMAL MECHANISM. 



Iiijtiuneat vhieh modijy Iht frequmcy of ikt mntementt of Hi 
uinff. — Sinoe we know tliBinflueuceot'resiBtjiui-'e to tlie rapidity 
uf tjie mDvemente of auitnals, we may suppose that the wing' 
which rubs oa the cylinder has not its uormtd ral« of motioa, 
and that its revolutioaa are less numerous ia proportion as 
tlie friction is greater. Eiperiment has confirmed this opiuion. 
An insect performing the movements of flight b; rubbing its 
wings rather strongly agninst the paper gave 240 moyemenu 
per second; by diminislung more and more the contacts of 
the wing with the cylinder, we obtained still greater aumben I 
— 282, 305, and 321. This lost number may perhaps ex- I 
press with sufficient accuracy the rapidity of the wiug whea 
moving freely, for the tracing was redueed to a series of 
scarcely- yisible points. On the contrary, as the wing rubbed 
more strongly, the frequency of its movements was reduced 
below 240. 

Another modifying cause of the frequency of moTemeut ia 
the wiiig is the amplitude of theee movements. We must 
oumpare tliis oau»e with the preceditig, fur it is natural to 
udmit that great movemeuts moot with greater resistance ia 
tlie air than smaller ones. 

When we hold a fly or a drone by the forceps, we see that 
the STiimal executes sometimes strong movements of flight; 
we then hear a grave sound ; but occasionally, when its wiug 
is only slightly agitated, we perceive only a very shrill tons. 
That which the ear reveals to us with regard to the difTerenoe 
in the frequency of the strokes which the insect gives with 
wings, is entirely confirmed by the experiments which 
have made graphioally. 

Clkoosing the ioetiints when the insect is at its strongeet 
flight, and also when it gently flutters its wing, we find that 
the frequency varies witliin very extensive limits, nearly ia 
the proportion of one to tiiree — the least frequency belonging' 
to the movements of greatest amplitude. 

The dij'erent tpeciet of in.sects on which we hare experi<j 
menled, presented also very great variations in the rapidity of, 
the movements of tbcir wings. We have endeavoured as far^ 
as possible to compare the different species under i 
diiious, during their swiftest flight, and with slight frii 
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tm tlie cj-liniler. Tlie ft.Iloi 
the exi>reMions of the mi in In 
MnuDil in esch gpeciea : — 



r uf muvemeula of tlie 



Wuap 



irig-liird motli (Miicrn^-lossii) 






DrHgiin fly 

Butterfly (PuuLia Raiiic) 

uiiem of tlie jctioii of the 
iuBoct in a suitable positiou we i 
the cylinder at the eame time. 
Iraciiig, that the two wings act e\ 
perfomt the same number of 



ro winds. — By holdiag tlie 
II miike both wings rub uu 
It is then eeen, on the 
lullaueously, and that both 
Iude|>endeutly of 
e may easily convince ourselves ihat there must neces- 
sarily be a Bimiliir motion in both wiuga. 

If we move one of the wings of an insect recently killed, 
we shall find that a similar movement is given, in a curtaiu 
d'-gree, to the other correspondiog wing; if we extend one 
wing laterally, the other is also estended, if we raise one up, 
tlie other rises, The watp is well suited for this experiment. 
Still, in captive fligat, certain insects can perform great 
movemeuts with one of their wings, white the other only exe- 
cutes alight vibrations. 1'he dung-fly, for instance, usiiaUy 
affects this kiud of alternate flight ; wLen it is held with the 
forceps, its two wings rarely move together. The sudden- 
ness and the unforeseen conditioa of these alternations, and 
the violent deviations wliicli they give to the axis of the body, 
have prevented us from taking the simultaueous tracinp^s of 
tlie movement of its two wings, and from ascertaining whether 
the synchronism continues under these eruditions, iu spite of 
the unequal amplitude of the movements. 

The preceding figures eJiow the regular periodicity of iho 
movements of insect flight, but they also prove that iho 
graphic method cannot represent the \i'iiolH course of the wing. 
fur tliis organ can only be tangential to a certutn portion uf 
the surface of the oyliudei. Whatever may be tbo muvemcnis 
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which the wing' deKcribea, jta point evidenfly moves c 
Burfuca of a sphere, the radius of which is the length 
wing, and the centre at the point of attachment of this orgnn 
V'ith the meiiuthorox. But a sphere can only touch a plane or 
I'lDvex surface at one point ; thus, we only obtain a ni 
of jioiiita for a series of rCTolntions of the wing, if the ti 
iiiK cj'linder !« only tangential to the extremity of the wu 
.Mure complicated tracings can only be obtuioeil by 
extensive contacts, in vhich the wing bends, and thus 
II portion of ita aurfacee or its edges ou the bhickened paper. 

We will explain the means by which the graphic method 
can serve to determine the movements of the wing, but let 
us first show tlie results obtained by another method, in 
order to render the explanation more clear. 

2. Optical method of the determination oj tha wovementi of 
th4 \civij. — Having being convinced by the former experi- 
inenla, of the regular periodicity of iheae movementa, we have 
thought it possible to determine their nature by the eye. In 
fiiot, if we can attach a brilliant spot to the extremity of tlie 
wing, this spot passing continually through the same space 
would leave a luminous trace which would produce a figure 
L-ompletely regular, and free from the deformity incident to 
that effected by the friction on the cylinder. This optical 
method haa already been employed for a similar purpose by 
Wheatetone, who placed brilliant metallic balls on rode pro- 
ducing complex vibrations, and thus obtained luminous 
figures var}'ing according to the diHerent combinations of 
vibrating movementa. 

By fixing a small piece of gold-leaf at the extremity of 
n'ing of a wasp, and throwing upon it a ray of the sun whjls 
llie insect was eiocufing the movements of flight, we have 
obtained a hrilliiint image of the successive positions of the 
wing, which gave nearly the ap]iearuuce represented ia 
6g. 71. 

This figure shows that the point of the wing descrilies 
very elongated figure 8 ; sometimes, indeed, the 
to move entirely in one plane, and the instant afterwards the' 
terminal toopa which form the 8 are seen to open mora and 
more. When the opening becomes very large, one of tlia 
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loops usually predomi nates owr the other ; it is generally the 
lower one whicji iucreases while the upper dimiuisheB. Indeed, 
by a still greater opening, the figure is occasionally trans- 
fiirmed into an irregular ellipse, at the extremity of which wr 
pnii recognise a veRlige of the secoud loop. 



I 



I 




We thought that we had been the first to point out the forni 
of the trajectory of the wing of the insect, but Dr. J , B. Petti- 
grew, an English autlior, informs ub that he had already 
mentioned this figure of 8 appearance described by the wing, 
Bud had represented it Jn tfie plates of his work.' It will 
be seen presently that, notwithstanding this apparent agree- 
ment, our theory and that of Dr. Pettigraw differ mat«rialiy 
from each other. 

Changes of the plane of the wini/.—Tbe luminous ap^iearaace 

given during fiight by the gilded wing of an insect, shows 

* On ihe Mrchnni<:Hl AjipliDnKs lif which Flight i» MaintAi'ned in the 

Aninwl Kingiinni. TmnMCl. ftf l.innpsa Sociely, 1S6T, ji. 2M. 
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beBides, tlmt during the alternate movements of flight, 
plan© of the wing changes its iuclinalion with respect to 
axis of tlie insect's body, and thut the upper surface of 
wing turns a little backwHrd during the period of osc 
vhiUt it is inclined forward a little during its descent. 

If we gild a large portion of the upper surface of a wasp' 
win^, taking precautions that the gold-leaf should be limit 
to tbis surface only, we see that the asimal, placed in the sunf 
rays, gives tlie figure of 8 with a very unequal intensity 
tlie two halves of the image, as represented in fig. 7 "~ 
figure priuted thus 8 gives an idea of the funn which is th< 
produced, if we consider the thick stroke of this character 
.corresponding with the more brilliant portion of tlie image, 
Hiiil tlie thin stroke as repi'esenting the part nhich is less 
bright, 

it is evidpnt that the cause of the phenoment 
found in a tliange in the plane of the wing, and consequent 
in the incidence of the solar rays ; being favourable to thi 
reflection during the period of ascent, and unfavourable during 
the descent. If we turn the animal round, so as to observe 
the luminous figure in the opposite direction, the 8 will then 
present the unequal splendour of its two hi^vrs, but in tlii 
inverse direction; it becomes bright in the portion btft 
relatively obscure, and vice vertA. 

We shall find in the employment of the graphic nietb( 
new pToo& of change's in the plane of the wing during 
This phenomenon is of great importance, for in it we 
find die proximate cause of the motive force which urges 
ward the body of the insect. 

In order to verify the preceding experiments, snd to 
ourselves still more of the reality of the displacement of 
wing, which the optical method has revealed to us, we havA 
introduced the extremi^ of a small pointer into the interior of 
the figure 8 described by the wing, and we have proved that 
in the middle of these loops tliere really exist free spaces of 
the form of a funnel, into wliich the poiuter penetrates wiili- 
out meeting the wing, whilst, if we try to pass the interaecliou 

where ihe lines cross each other, the wing ii ediulely stiikes 

u^Niinst the pointer, and the fii^ht is inteiruptcd. 
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^1 Graphic method rmjAiy/d f<.r the determviohon of tht movt. 
^H menu of the icing. — Theprecediugexperimente tlirow great light 
^H on the ti-aces wliich ve obtain by the friction of the insect's 
^V wing agninBt the blackened cvlinder. Although the figurefl 
^ thiia produced are for the most part incomplete, we are able, 
hj means of their scattered elements, to recooBtruct the figure 
which has lieen shown by the optical metliod. 

It is to be remarked that williout sensibly interfering with 

■ the moTemente of the wing, we can obtain traces of seven or 

^1 eight millimetres when the wiug is rather long. The slight 

^P fiexure to which the wing is snljected allows it to remain in 

^ contact with the cylinder to that extent ; we thus obtain a 

partial tracing of the movement ; so that if we are careful to 

produce the contact of the wing with the cylinder in different 

porta of the course passed through by the limb, we obtain a 

series of partial tracings which are complementary to each 

other, and tlius allow us to deduce from them the form of a 

perfect curve of the revolution of a wing. Suppose, then, 

that in fig. 71. the curve described by the gilded wing is 

divided by horizdutal lines into three zones: the upper one, 

formed by the upper loop ; that in the middle, comprehending 

the two branches of the 8. crossing each other and forming ii 

sort of X ; the lower one including the lower loop. ! 

By registering the movement of the middle zone, we got 

Fio. TV. - -Tmcina ot Ihe mtddla mgion of the coanie of the wing of i boe, 
•bowing IhocroMlDanf the two bmnehMot tbs 8. One uf Iholmmd.P* 
li prolonnd rubor fw, but itill tba DwinH of the lovur lou[. baa not Iwen ^^ 

figures somewhat resembling each other, in which the lines, ^H 
placed obliquely with respect to each other, cut eath other. ^H 
This is the case in fig. 72, the middle region of the tracing ^H 
of a bee, and in fig. 73, the middle x>"'^><>° '^^ ^^^ °^ & ^H 




oiutioTi ri 

lilt of fig. 74, ill nbkht' e upper loops of ihn* 
Tlie tracings of the zone which c 
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njioiids with the lower course of the wing give also loops like 
those of the upper arch (fig. 75 shows a sperirnfln of them) ; 
wi that the figure 8 of the trHcinff cnn he rpprodilcHl I'V 



brnncb la lusraly dotiei taoiiuo of (lis fr»l>lc hictiou of thu wiug. 

bringing togetlier tlie three fragmeate of its course succeflsin 
obtained. 

If we could ouly once procure the entire tracing formed \_ 
the wing of an inBect, we ehould then get a figure ideDti(,<4| 
wilU that which our learned writer on acoustics, Kcenig, ' 
the Erst to obtain witli a. 'Wheat^tone rod tuned to the octtm 
iliat is to eay, descrihing Bii 8 in space. This typical f 
11 ■presented in fig. 76. We shiill vei- tlint the prujibirniRtha^ 
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IB adapted to other experiments intended to verify those which 
we have already made by other means. By varj'ing the inci- 
dence of the wing on the revolving rylinder, we can foretell 
what will he the tifrure trnoed. if it be true that the wing 
rpftUy d.'scril.ics the form of an 8. Tims, if we obtain a figure 
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kafe^.i^# 



HHml at tbs Inwer lor,\m ni 
H hy haldiliff tbfl inpwrt Bo 4 
(ho «iiiB, wlilcb ginx nrj a 



cfinformahle to that which we hnve foreseen, it will be t 
evident proof of the reality of these inovements. 
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ig of the inseot, instead of 
point, na we have seen just 



lTni» B^iiT t» 'akmi (n>ni K «■ 

Let US suppose that the 
touching the cylinder with 

now, brushes it with one of its edges ; and let us admit for 
an instant that the 8 de^ribed by the wing is so lengthened 
that it departs but slightly from the plane passing through 
the vertical asis of this figure. If we press the wing slightly 
iigainst the cylinder the contact will be continuous, and the 
tracing uninterrupted ; but the figure obtained will no 
longer bo an 8 ; if the cylinder be immovable it will he na 
R circle, whose coucnvity will he turned towards the 
of insertion of the wing, a p>int which nill occupy pre- 
the centre of the curva deauribed. 
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H If the cylinder revolve, the figure will be spread ont like^^| 

^1 conditions, and we ahull obtain a tracing more or less ap- 
■ proaching in form to that which is represented in fig. 77. 

Fio rv - -T.-idii.' nl.'Qlnp.l wirl, ll.o wine nr » l™ .-K-illnlfng in ■ iduii 
ffaJnli il Kli.lblj llnt^elitlKl to the fonar»li1l u( U,ei«^.tleriagcyUndn 

This form, which theory enables us to predict, is always ^^1 
produeed when the plane iu which the niug muyufl is tan-^^^l 
gentiol 1o the generatrix of the cylinder. ^^^| 

Silt in examining these traciugs we easily recognise ekangm^^^M 
111 the tliickiiesi of the ttroke — parts which appear to have been ^^^H 
made by a greater or less friction of the wing on the cylin- 
der i we here fiud a new and certain proof of the existence of 
a movement in the form of an 8, as «e now propose to show ^^^1 
by a synthetic method. ^^^H 

on it the wing of an insect as a style, and let us trace the vibnU^^H 
tions which it executes. We shall obtain, if the cylinder be^^^^ 
motionless, figures of 8 when the wing touches the paper by 

cylinder revolve, we shall have lengthened figures of 8. ^^^J 

We may obtain, with a rod tuned to the octave, tradngl^^^l 

identical with those given by the insect ; of which a proof ii^^^| 

afforded by the compariaon of the two following- fiyfiires:— ^^H 
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The grapliio meUiod also furnishes us with Ute proof of 
chaDges ill the plime of Lhe wiug uf Ihe iiisect duriug the 
various iiiBtauts of ita revolutious. 
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FiQ. TB. — Tranlngs of a WhooUlnne rod tiimid to the rwtuvo, furninlmd 
*Jtb Iho wii]^: "f It woap, oiid Amiu^od bo as lo regiBter o£[«eiali> lUe 
uppdr Loop of tlio 6. 

Fig. 80 shows the tracing furnished hy a wing of a hum- 
miog-hin] moth, arranged so ua to touth the cylinder with its 
posterior edge. By bringing the iiiaect not too near, we can 
nicceed in producing only intermittent imntaots ; these take 
place at the moment wheu the wing describee tlidt part of the 
IftopB of the 8 wliose eouvexity is tangential to the cylinder. 
Tlie contacts wliich occupy the upper half of the figure alter- 
nate with those occupying the lower half. It is iieen, besides, 
that it is not the aame surface of the wing which produces 
these two kinds of friction. In i'ltct, it in evident that the 
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■narks of the iipper half, each formed of a series of oblique 
rokes, are produced by the contact of a fringed border, wbilo 
&i.e contacts of the lower part ui^e produced by another portion 
if the wing which presents a region unprovided with Eringee, 
|sd leaves a whiter trace with boundaries better defined. 
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These changes of plane are only found in great n 
of the wing. Tliis is an important fact, for it will exiilBtn to " 
us the method of their production. Fig. 81 was fumiHiied 
like fig. 80 by the movemenU of the wing of a moth (uiair..- 
glotua); but on account of it« fiili|,'ue thnae muvt^menU bud 
lost nearly oil thrir nmplitn.le. 
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We aee only in this figure a series of ppndular Ofwillatiom^ 
showing that the wing merely rose and fell wifhout changing 
its plane. The bright line which hnrders the amending and 
upper parte of these curves is exphiined hy the alternate 
flexions of the wing aa it ruhs upon ihe pajier, iind shows 
that tlie upper surfnce was rough, and ]e(l n difitinct trace, 
while the hiwer siirfnce presented no similar r"U);hnesa. 

3. DiretlioH of the nwrviiieiii of the ui/ij — One more very 
important element is required to give us u complete knowledge 
of the movcraeuta which the insect's wing executes in its flight. 
The optical method, while it shows us all ihe points in t)ie 
curve described hy the gilded extremity of tlie wing, doea not 
indicate the direction In which this revolution is accompliaheti ; 
whatever may he the direction in which the wing moves in iM 
orbit, the luniinouB image which it afibnls must be always 



A very simple method has fumislied a solution of this new 
question. Let fig. 82 be the luminous image furnished by 
the movements of the right wing of an insert. The direction 
of these movements which the eye cannot follow is indicated 
by.™,,. 

To determine ihe direction of these movementa, we take a 
small rod of polished glass and blacken it with the smoke of 
a wax taper ; when holding the rod at right angles to the 
direction in which the wing moves, we prpsent the blackened 
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end to (a), that is to say, in frout of the lower loop. We 
endeavour to puss tliis point into the iuterior of the coune 
described bj the wing ; but as soon as it enters lliis region, 
the rod receives a. eeriee of shwkB Irom the wiug, «hith rubs 
on its surface, and wipes off the soot which covered it. \\'heii 
Ve examine the surfate of the glass, we see that ihe soot lias 
[.llieen removed onlj ou tlie upper part, which uhons that iit 
the poiut (fl) of its course, the srinjf is desoending. The 
same exjieiiuient being repeated iu {a'), tliat is to an}', in the 
biuder pari of the orhit of tlie wing, it is found that the riHl 
Las been rubbed lieneath ; so tliat the wing at a' was UBceiidiiig. 
Id the same munner it may be shown that the wing rists ut 
4 and desneiids at b'. 




We now know all ihe movements executed by an insect's w ing 
^ during its revolution, as well as the double change of plane which 
accompanies them. The knowledge of this change of plane 
was given to us bv the unequal brightness of the two branches 
»f the luminous 8. Thus we may feel as-'ured that in the 
course of the dest'ending wing, that is from 6' to a iu fig. 82, 
the upper surface of the wing turns slightly forward, while 
from <*' to b, that is, in ascending, tliis surfuce turns a little 
, backwards. 
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CHAPTER n. 

MECHANISM OF THE FLIGHT OF ISSECTS. ^ 

Hmii of the moTemiiU of the wings of iiiM-ets — The nia*cle* odIj git» 
■ motion tu and fro, the t«HBtu)Ge of the air modifies the eouise at 
the viDg — Artib<-Ul npnacn tKtion of the mnrpmrnU of the insect** 
wiDg— Of Ihe propulure cfffct of the «id>!> of insn-ts — Cinielrnc- 
tioQ of >n irtiGi^ial luarct nhkh mores boruunlullj— ChoD)^ iu the 
plane in fli^Ll. 

1. CauMtx of llie momntiiU of iKm icing. — These ezoeedioglf 
c«mplicat«d moveruents w-ould iiiduoe us to sup|H>ae that tltero 
exists in iosects s very complex muscular apparatus, but 
aaatatnT does not reveal to ua mueclee capable of giving rise 
to all these movementa. We Bcarcoly find any but elevating 
and depressing forces in the muscles which move the wing ; 
besides thia. wlien we extmiae more cloaely the tnechaaioal 
conditiona of the flight of the insect, we nee that an upward 
and downward motion given by the mUBclea is sufficient to pro- 
duce all these supcessive acis, bo well co-ordinated with each 
other ; the resistance of the air effecting all the other mure- 

If we take off the wing of an insect (fig. 63), and holding 
it by the small jiint which connects it with the thorax, expose 
it to a current of air, we see that the plane of the wing ia 




iucliued more and more as it is subjected to a more powerful 
iniiiulae of the wind, The anterior nermre resists, but the 
nieinbranoiis portion which is prolonged behind bends ou 
ai'iKiunt of its greater plianry. If we blow upon the upper tau* 
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face of the (ring, we see this surface carried backwards, while 
by blowing dd it from beneath, we turn tlie upper aurface 
forwards. In uerlain species of insecU, according to Felix 
Plateau, the wing resists the pressure of tlie air acting from 
below upwards, more than tliat eKerled in an opposite. 
direction. 

la it not evident, that in the raoTements wliich take place 
during flight, the reHiBtaoce of the air wiU produce u|jou the 
plane of the wing the same effects as the currents of air which 
we have just employed ? The changes in tlie plane, caused 
by the reaiatance of the air under these conditions, are pre- 
cisely those which are observed in flight. We have seen that 
the descending wing presents its anterior surface forwards, 
which is explained by the resistance of the air acting from 
below upwards; while the ascending wing turns its upper sur- 
face backwards, because the resistance of the air acts upon it 
from above downwards. 

It ia, therefore, not necessary ia look for special muscular 
actions to produce changes in the plane of the wing; these, 
in their turn, will give us the key to the oblique curvilinear 
movements which produce the fij^'ute of 8 course followed by 
the insect's wing. 

Let us return to fig. 82 : the wing which descends has at 
the same time a forward motion ; therefore, the inclination 
taken by the plane of the wing, under the influence of the 
resistauoe of the air, necessarily causes the oblique descent 
from b' to a. An inclined plane which strikes on the air has 
a tendency to move in the direction of its own inclination. 

Let us suppose, then, that the wing only rises and fulls by 
its muscular action ; the resistance of the air, by pressing on 
the plane of the wing, will force the organ to move forward 
while it is being lowered. But this deviation cannot be 
eUt^cted without the nervure being slightly bent. The force 
which causes the wing to deviate in a forward direction necea- 
•arily varies in intensity according to the rapidity with which 
the orgdn is depressed. Thus, when the wing towards the 



I end of ita descending c 



e the I 



) slowly, 



) shall 



i ia bent with leas force, bring the wing 
: curvilinear direction. 'I'hus we explaiu 
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naturallj the form&tioa of th« descending branch of the 
puMbd through b^ the wiog. 

The same theory applies to the formation of the lucenili 
branth of this figure. In ehort, a kiud of penJular oeciilA?. 
tion executed by the nervnre of the wing is sufficient, 
getber with the resistance of tlie air, to give rifle to all 
niovetoents revealed to us by our experimenla. 

3. Artificial repreitntation of the movement* of the inieet't vmfi, 
— These theoretical deductions require experimental verifioa- 
tion, in order that they may be thoroughly home out. We 
have succeeded in obtaining the following results : — 

Let fig. 84 be an instrument, nliich, by means of a mnlti- 
plying wheel and a connecting rod, gives to a flexible shaft 
rapid to and fro movements in a vertical plane. Let us talie 
a membrane similar to that in the wings of insects, and fix it 
to this shaft, which will then represent the main rib of the 
wing ; we shall see this contrivance execute all the m< 
ments which the wing of the insect describes in space. 

If we illuminate the extremity of this artiiicial wing, 
shall see that its point describes the figure 8, like a real wing ; 
we shall observe also that the plane of the wing changes 
twice during each revolution in the same manner as in the 
insect itself. But in the apparatus whioh we now employ, 
the movement communicated to the wing is only upwards 
Bud downwards. Were it not for the resistance 
the wing would only rise and fall in a vertical plane ; alL- 
Uiese complicated movements are due therefore only to 
resistance presented by the air. Consequently, it is 
which bends the main rib of the wing, turning it in a direc- 
tion perpendicular to the plane in which its oscillation 
effected. 

But if the wing be pushed aside from its main-rib at each 
of its alternate movements, it is evident that the air, acted 
upon by this wiug, will receive an impulse in an opposite 
(lirectiou ; that is to say, it will escape at the side of the 
flexible portion of the wing, and cause in this direction a 
uuri'eiit of air. It is seen, in figure 84, that a candle placed 
by tlie bide of the thin edge of the wing, is strongly blown 
by thu cm rent of sir whitih is produced. In front of the wing. 
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oontrary, the air will lie drawn forwanls, so tl 
iaw.Wwr iim.ll^ |.!a(;e.i i>i fm.it uf ilie i.erv in- 
f drawn luMards il, 

'fllie prnpiilsire aclion of the wing» of innectt. — 
innner as the squib moves in the oppoaite direo 
of flame which it throws out, the insect propeli 
course opposed to the current of air produced 
ent of ils wings. 

. stroke of Ihe wing acts on the air obliijiie' 
izes its resistance, so that a horiiontal force i 
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■whjth impels tlie insect forwards. This resultant arts 
descent of the wing, as well as in its upward movement, 
that each part of the oecillatinn of the wing has un actii 
fuvDurable to tlie propulsion of the animal. 

An effect is prwlueed analogous with that which takes p1iu<a 
when an oar is used in the stem of a boat in the action of 
sculling, Eaeh stroke of tlie oar, which presents an inclined 
plane to the resisting water, divides this resistance into 
ibrces : one acts in a direction opposed to the motion of 
oar, tlie other, in a direction perpendicular to that moTemenl 
and it is the latter which impels the boat. 

Most of the [iropeUers which act in water overcome 
resiBtanee of the (Inid by the action of an inclined pli 
The tail of the fish proilucea a propulsion of this kind ; that 
of the beaver does the same, with this difference, that it 
oscillates in a vertical plane. Even the screw m&y be con- 
sidered as an inclined plane, whose movement is coutinuou^ 
and alway 



the^^ 




If we wish to represent the inclination of the plane of tf 
wing at tlie different parts of its course, we shall obtain 
fig. 85, in which the arrows indicate the direction of the 
course of the wing, and the lines, whether dotted or full, 
show the inclination of its plane. 

After this, we need only show the figure traced by Dr. Pet- 
tigrew in his work on fiigbt, to prove how far the ideas of 
this English writer differ from o 

The trajectory of the wing is represented by Dr. 
grew by means of fig. 86. Four arrows indicate, accord 
to this writer, the direction of movements ii 
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tiona of tliis Imjectoiy. TheBe arrows nre in llie eanie 
and this first fact is opposed to the experiment 
deacrihed in page 195, where we hiive invest i^'ntpd the direc- 
tion of the inovement of the wing, and have found it pass in 
opposite directions in the tu-o hruuches of tlie 8. In order to 
explain the furm which he assigns to tliia trujcclory. Dr. Pet- 
li(p^w admits ihat in its puEsage from right to Ii-iV. the wing 
describee bj its thicker edge the thick brunch of il,e 8 and the 




thin bmnch hy its narrow edge. The croeaing of the 8 there- 
fore would he formed hy a complete reversal of the piano of 
the wing during one of the phases of its revolution. In fact, 
the author seems to perceive in this reversal of the plane, an 
action similar to that of a ecrew, of which the air would form, 
the nut. We will not dwell any longer on this theory, but 
we have deemed it necessary to bring it forward, in con- 
sequence of the appeal which has been made to us. 

4. Artificial repreietilation of an iiigert' a flight — In order to 
tender the action of the wing and the eifecis of the resistance 
o£ the air more intelligible, we have made use of the following 
apparatus : — 

Let fig. 87 represent tvo artificial wings composed of a rigid 
mnin-rib connected with a flexible membrane, composed of 
^Id-beater's akin, strengthened by fine nervurea of steel ; the 
plane of these H'in),'s is horizontal ; a system of bent levers 
raises or lowers them without giving tliem any lateral mo- 
tion. 

The movement of the wings is caused by a little copper 
dmin, in which the air is alternately condensed and rarefied 
by the action of a pnmp The cirttilar surfaces of this drum 
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Are forme<] of india-rufaber membranea connec^ted with the 
two wiDgs hy bent levers ; the air when compressed or rarefied 
gives to these flexible membniues powerful and rapid move- 
ments, which are transmitted to both wings at the same time. 

A horizontal tube, balanced by a counterpoise, allows the 
apparatus to turn upon a central axis, and serves at tlie snme 
time to conduct the air into the drum, wliich produces tlie 
motion. Tliis axis is formed of a kind of mercurial gaso- 
meter, which hermetically seals the air conduits, while it allows 
the instrument to turn freely in a horizontal plane. 

Thus arranged, the apparatus shows the mechanism by 
which the resistance of the air, combined with the movemeuts 
of the wing, produces tlie propulaion of the insect. 

If we set in motion tlie wings of the artificial insect by 
means of the air-pump, we see the apparatus soon begin to 
revolve rapidly around ita axin. The mechanism of the mo- 
tion of the insect is clearly illustrated by tliis experiment, 
entirely confirming the theories which we have deduced from 
optical and gtapiiic analysis of the muveuiaiits of the wing 
during fiight. 

It may be asked whether the figure of 8 movements de- 
scribed by the wing of a captive insect are also produced when 
the creature fiies. We have just seen that the bending of the 
main-rib is entirely due to the force which carries the insect 
forward when it has become free. We might therefore sup- 
pose that the main-rib of the wing does not yield to this force 
when the insect fiies freely, and that the resulting horizontal 
force is shown only by the impulsion of the whole of the insect 
forwards. 

If, after having gilded the wing of the artificiHl insect, wa 
look at the luminous imiige produced during its flight, we still 
Bee the figure of S remaining, provided the flight he not too 
rapid. In fact, this figure is modified by the movement of 
the apparatus ; it becomes more extended, and resembles the 
8 registered on a revolving cylinder, but it is not reduced to a 
simple pendular curve, which would be the case if the main- 
rib were always rigid. We can understand that this may be 
caused by the inertia of the apparatus, which cannot be 
iiiiec^ted by the variable movements which each stroke of tl:e 
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wing tends to bring to bear upon it. The artificial insec^^ 
when once set in motion, is sometimes before, and at otbera 
behind the horizontal force developed by the wing: on this 
uecoiint the rib of the wing is forced to bend, because the 
mass to be moved does not obey instuntaneously the resulting 
horizontal force which the wing derives &om tlie reaiBtanea 
tlie air. The same phenomenon must take place in the flig 
of a real insect. 

6. Plane of oMcillation of an iii»tct'g teing. — The apparatus 
which has juat been described does not yet give a tierfivt idea 
nf tha mechanism of insect flight. We liave been compelled, 
for the soke of explaining the movements of the wing 
easily, to sup]>oBe that its oscillation is made &om 
downwards ; thut is to say, from the back of the insect towi 
its lower surface, when lying horizontally in the air. 

But we need only observe the flight of certain insects, the 
common fly, for instance, and most of the other diptera, 
to see that the plane in which the wings move is not verti- 
cal, but, on the coutrary, very nearly horizontal. This plane 
directs its upjier surface somewhat forward, and therefore 
tlie main-rib of the wing coireHponda with this surface.. 
CuDsequently, it is from boloiv upwards, and a little fotwazd 
that the projiulaion of the insect is etfected. The greater part 
of the force exerted by the wing will be employed in sup- 
porting the insect against the a<tion of its weight ; the rest «rf< 
this impulse will carry it forward. 

By changing the inclination of the plane of oscillalian of iw 
wings, which con be done by moving the abdomen so as 
displace the centre of gravity, the iuaect can, according to 
wishes, increase the rapidity of its forward flight, lessen 
speed acquired, retrograde, or dart toward the side. 

It is easily to be seen that, when a hynionopterous iiit 
flying at full spee<l, slops upon a flower, this insect directs 
plane of the oscillation of its wings backwards with conait 
able force. 

Nothing is more variable, in fact, than the inclination 
the plane in whiuh the wings of different species of ii 
oscillate. 

Tlie diptent iippear to us to have this plane of osciUut 
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very tienrly hnrizoutal ; in the hymenopter 
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of nearly 45°. but the lejiidopfera fJaji iLeir nifga 



almost Tenically, after the 
In order to render the 
tinu more eviileut, and to b 
refistBDce of the air Yiae thi 
nnd directing its course, w 
in a peculiar 



influence of the plane of ostilla- 
low that the force derived from tl»e 
double effect of raiaing the inneot 
i mn»t arrange Ihe Jlight-in*trumeiit 
rill be necessniy, in the first plai.'e, 
to )>e able to chnnj^ the plaue of ost-iilution of the wings, 
which is effected by placing the drum on a pivot at the ex- 
tremity of the horizDntal lube, at the end of which it turns. 
To ehow the a«ceusioual force which is developed in this new 
Kira&gemeat, the iustrumeut must no longer be confined to a 
simple movement of rotation in the horizontal plane, but it 
must be able to oscillate iu a vertical plane like the scale beam 
of a balance. ~ 

Fig. 88 ebows the new arrangement which we have givi 
to the instrument in order to obtain this double result. 

In this modification of the apparatus, the air-pump wliiA' 
oonstitutes the moving force ie retained ; as is elso the turn- 
ing column which moves in the mercurial gasometer. But 
above the disc which terminates this eolumn at the upper end, 
is fixed s new joint, which allows the horizontally -balanced 
tube at the end of which the artificial insect is placed, to 
oscillate in the vertical plane like a scale-beam. In order to 
establish a communication between the revolving column and 
the tube carrying the insect, we make use of a little india- 
rubber tube, sufficiently flexible not t^i interfere with the 
oscillatory movements of the apparatus. 

Olher accessory modifications may be seen in fig. 88 ; oncj 
consists in employing a glass tube to convey the air from t' 
pump which moves the insect ; the other in a change of t 
mechanism by which motion is imparted to the v ' _ ~ 
most important alteration is the introduction of a joint whidi 
allows us to give every possible inclination to the plane i 
which tlie wings oscillate. 

Tlie apparatus being arranged so that the connterpoi 
having been brought nearer to the point of suspension, does 
nut txaclly bahii^ the weight of the insect, the latter is 
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placed M that its winga may move la a horizontal plane, the 
main-rib being uppermost. Thiia all the motive foroe ia 
directed from below upwards, and as soon as the pump begins 
to act, we Bee the insect rise vertically. We can easily esti- 
mate the weight raised by the flapping of the winga, and as 
we can vary the weight of the insect by altering the position 
of the counterpoise, we can detenniuo the effort which is 
developed according to the frequency or the amplitude of the 
Btrokee. 

By turning the insect half way round, so that its wings, 
elilt oscillating in a horizontal plane, should turn their main- 
rib downwards, we develop a descending vertical force which 
may be measured by removing the counterpoise to a greater 
or less distance, and causing it to be raised by the descent of 
the insect. 

If we adjust the plane of oscillation of the wings verlicolly, 
the insect turns horiz<>ntally round it« point of support in 
the same manner afl hue been previously deauribed and 
represented in tig. 87. 

Lastly, if we give to the plane of oscillation of the wings, 
the oblique position which it presents in the greater number 
of insects ; that is to say, so that the main-rib turns at once 
upwards and slightly forward, we see the insect rise against 
its own weight, aud turu at the same time round the vertical 
axis ; in a word, the apparatus represents the double effect 
which is observed in a flying insect, which obtains from the 
stroke of its wings, both the force which sustains it in the 
air, and that which directs its course in space. 

The first of these forces is by for the more considerable ; 
thus, when on insect hovers over a flower, und we see it 
illuminated obUquely by the setting sun, we may satisfy our- 
■elves that the plane of oscillation of its wings is nearly hori- 
lontal. This inclination must evidently be modified as soon 
as the insect wishes to dart off rapidly in any diruction, but 
then the eye can scarcely follow it, and detect the cliauge of 
plane, the existence of which we are compelled to admit by 
the theory and the experiments already detailed, 

poiut of study would be the movements ptepanv- 
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tfry to fliglit. We Bpeab not only of tte Bpreading of tlri 
ningB, wbicb in the coleoptera precedes Si)^')it, a inoTement 
which is BonietiineB 6o alow aa to be easily observed, nor of 
(lie upfulding of the first pair of wings, as wasps do before 
tJiey fly. Other insects, the diptera, turn their wings as 
a pivot around its main-rib in a very remarkable mam 
at the moment wheu the winge which were previoualy 
tonded on the back in the attitude of repose atart outwi 
and forwards before they begin t« fly. Flies, tipulffi and' 
many other kinds, show this preparatory movement very clearly 
when the insect, being exhausted, has no longer any energy 
in its flight. We see the main-rib of the wing r 
aibly immovable, and around it turns the membranoua portii 
whose free border ia directed downwards. This posit/ 
having been obtained, the insect lias only to cause its wi _ 
to oscillate in an almost horizontal direction from backwards 
forwards, and from forwards backwards. If this molion as on 
a pivot did not exist, the wing would cut the air with its edge, 
and would be utterly incapable of producing flight. In other 
species, OS in the agrion, a small dragon-fly, for instance, tbo, 
four win^, during repose, are laid back to back < 
the other above the abdomen of the animal. Their maln^j 
ribs are upwards, and keep their position when the wings patfti 
downwards and forwards ; here no preparation fur fiiglit il 
necessary, In these insects, as in butterflies, the wing 
only to set itself in motion when the creature flies. 

It is interesting to follow throughout the series of insects 
the variations jiresented by the mechanism of flight. 

The confirmation of the theory just propounded is found in 
the experiments which certain naturalists have made by 
means of viviaeolion. For the most inleresting of ttiese we 
are indebted to Professor M. Giraud. All these experiments 
prove that the insect needs for the due function of flight a 
rigid main-rib and a flexible membrane. If we cover tl'e 
flexible part of the wing with a coating which hardens as it 
dries, flight is prevented. We binder it also by destroying 
ihe rigidity of the anterior nervuie. 

If we only cut off, on the contrnry, a portion of the flextl 
membruue, parallel to its hinder eifge, the power of flij 
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is preserved, for the wing retains the eondiliona essontifll to 
thia function— namely, a rigid main-rib and a flexilile sur- 
face. Lastly, in some species the combinatioti of two wings 
is indiBjienBable to flight; a kind of pseud o- el j-tron consti- 
tutes the nervure, and behind this is extended a membranous 
wing, which is locked in with the posterior border of the 
anterior one. This second wing does not present sulHcieiit 
rigidity to enable it to strike the air with advantage, and in 
these insects flight is rendered impossible, if we cut off tlie 
false wing-case [ it is as if we had destroyed the maiu-rib of 
a perfect wing. 



CHAPTEK III. 
OF THE FLIGHT OF BIRD3. 

Conf irmntion of tho liird with rafarenoo to flight— Structnre of the wing, 
ila cnrros, its muscalar n|)pttrBtu«— Museiikr force of the bird ; 
npiilitj of contraction of its n)UflcIeB~lform of the bird j alable 
equilibriiini ; conditioaa favourable to changa of pkne— Proportion of 
the aurfaca of the wings to tlie ntoiglit of Ibe body in birda of dilfereut 



^H The plan by which we have been guided in the study of 

^V insect flig-hc must also be followed in investigating that of 

^^ birds. It will be necessary to determine, by a delicate mode 

of analysis, the movements produced by the wing during 

flight; from these movements we may draw a condusiiou as 

to the resistance of the air which affords the bird a fulcrum 

»on which to exert its force. Then, having propotmded cer- 
tain theories respecting the mechanism of flight, the force 
required for the work effected by the biid, &c., we will under- 
take to represent these phenomena by means of artiiiciiil 
instrument*, as we have already done with respect to insects. 
But, before we enter methodically on thia study, it will be 
useful to prepare ourselves for it by some general observa- 
tions on the orgacizution of the bird, the structure of its wiuga, 
the foroe of its muscular system, its conditioua of equilibriuiu 
1 in the air. ft« 
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Vim/ormation '■/ lite hird. — By the aimitlB inspeotinn 
bird's M'iiif^, it is euey to see tliat the mechanisni of its fligFit 
is altogether diHereut from that of an insect. From the 
manner in which the feathers of ite wing lie upon each other, 
it is evident thut the ivsistance of the air can only act from 
below upwards, for in the opposite direction the air would 
force for itself an easj passage by bending the long bar)« of 
the feathers, which would no longer Buataiu each other. Tliis 
well-knowa arrangement, so carefully described by Prechlt,* 
lias caused persons to eiippose that the wing only needed to 
OHcilUte in a vertical plane in order to sustain the weiglit of 
the bird, because the resistance of the air acting from be- 
low upwards is greater than that which it exerts in the 
opposite direction. 

Tliis writer has been wrong in basing on the inspection of 
the organ of flight all the theory of its function. We shall find 
that experiment contradicts in the most decided manner these 
premature inductions. 

If we take a dead bird, and spread out its wings ao as to 
place them in the position represented in hg, 89, we see that at ^k 




able changes of plane. At the inner part, towards the body, 
the wing inclines considerably both downwards and back- 
wards, while near its extremis, it is horizontal and some- 
times slightly turned up, so that its under surface is directed 
somewhat backward. 

Dr. Pettigrew thought that he could find in this curve i 
B)trface resembling a leFt-handed screw propeller ; struck with'] 
the resemblance Iwtween the fonn of the wing and that o 
the screw used in navigation, he considered the wing ot : 

• Unteiwichatigon Uber don Flug Aer VugL-1. 8vo. VienM : 18U. 
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bird as a screw of whitt the air formed the nut. We do 
not tliink tliat we need refute such a theory. It is too evi- 
deat that the alternating type wliich belongs to everj muscular 
movement cannot tend lo produce the propulsive action of a 
Ecrew ; for while we admit that the wing revolves on on axis, 
this rotation ia confined to the fraction of a turn, and is fol- 
lowed by rotation in the opposite direction, which in a screw 
would entirely destroy the effect produced by tiie previous 
movement. And yet the English writer to whose ideas we 
refer has been so fully convinced of the truth of his theory 
that he has wished lo extend it to the whole animal kingdom. 
He proposes to refer locomotion in all its forms, whether 
terrestriiil, aquatic, or aerial to the movements of a screw 
propeller. Let us only seek in the anatomical structure of 
the Cleans of flight the iuformation which it can afford us ; 
that is to say, that which refers to the forces which the bird 
can develop in flight, and the direction in which these forces 
ore exerted. 

Comparative anatomy shows us in the wing of birds an 
analogue of the fore limb of mammals. The wing when 
reduced to its skeleton, presents, as in the human arm, the 
humerus, the two bones of the fore-arm, and a rudimentary 
hand, in which we still find metacarpal bones and phalanges. 
The muscles also present many analogies with those of the 
anterior limb of man ; some parts of these bear such a resem- 
blance both in appearance and in function, that they have 
been designated by the same name. 

In the wing of the bird, the most strongly developed muscles 
are those whose office it is to extend or bend the hand upon 
&e fore-arm, the fore-arm on the humerus, and also to move 
Jhe humerus, that is say, the whole arm, round the articula- 
tion of the shoulder. 

In the greater number of birds, especially of Ihe larger 
kinds, the wing seems to remain always extended during flight. 
Thus, the extensor muscles of the different portions of this 
organ would serve to give this organ the position necessary 
for renderingflight possible, audfor maiutainingit in this posi- 
tion ; as to mutive work, it would beexecuted by other musules, 
much stronger than the preceiling — namely, the pecloraU. 
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All tlie anterior surface of tbe thorax of birds is occu] 
Iiy powerful tnuecular masses, and eaj)euiiilty b; 
muscle, which bj its atlachnienta to the slemum, to tbe ribs 
tmd tlie huiueruB, is analogous with the large pectoral muisele 
ill mnn and tlie maminals; its office ia evidently to lower the 
M'iiig with force and rapidity, and thus to gain irom the 
the fulcrum necessiiry to eiiBtain. aa well na to move the 
of the body. Underneath the large pectoral ia found 
tiifditim peftorul, whose action is to raise the wiug. C 
exterior, the Mniall pectoral, acting am accessory to the 
one, extenils from the Btemum to the humerus. 

Since the force of a muscle is in proportion to the toIudm^ 
of this organ, when we consider that these pectoral muscles 
represent about one*Hixth part of the whole weight 
bird, we shall immediately understand that the principal 
function of Sight devolves on these powerful organs. 

Borelli endeavoured to deduce from the volume of the 
tornl muscles the energy of which they are capable; he 
eluded that the force employed by the bird in flight was eqi 
to 10,000 times its weight. We will not here refute the 
error of Borelli; many oUiers have undertaken to combat bis 
notions, and h^ve substituted for the calculations of the Italian 
phyaiologiat others whose correctness it would be difficult to 
prove. Such great contradictions aa are to be found In the 
different estimates formed of tbe muscular force of birds have 
arisen itom the fact that these attempts at measurement 
premature. 

Navier, depending on calculations which were not base 
eiperiroent, considered himself authorized in admitting 
birds develop enormous mechanical work : seventeen swalloirt 
would exert work equal to a horse-power. " As easy would it 
be," said M. Bertrand, facetiously, " to prove by calculation 
that birds could not fly — a conclusion which would rather com- 
promise mathematics." 

Besides, we find that C^tgniard Latour admitted, baaing his 
assertion on theory, that tbe wing is lowered eight times more 
quickly than it rises. Experiment, however, proves that tbfci 
«iiig of tbe bird is raised more quickly than it deeeenda. 

E'tiiiiate <]f tht nnitcular Jorce of lite liird. — We must at 
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present day meaaure mechanical force under the form of work. 
It is neceasarj- for this purpose to know what resistance is 
met with by the wiug at each instant of ita movements, 
and the diiettion ia whith it repels from it this reeietiug 
medium. 

Such an estimate requires a previous knowledge of the 
resistance of air against siirfiiees of dilferent curvature moving 
' I degrees of velocity; it supposes at the same time 
that we know ttie movements of the wing as well as their 
velocity and direction at every instant. 

This problem will perhaps he the Inst which we may hope 
to solve, but we may even now study from other [Kiinta oi 
view the force exerted by the muscles of the bird, and esti- 
mate some of its characteristics. 

Thus, we may obtain experimentally a measure of the maxi- 
mum effort which these muscles can exert This measure may 
not really correspond with the real effort displayed in fliglit, 
but it may keep us from forming exaggerated estimates. 

If the calculations of Borelli, or even those of Navier were 
correct, we ought to find in the muscles of the bird a verv 
considerable statical force. Ex]>ertments show, however, that 
these muscles do not seem capable of mure energetic etl'oits 
than those of other antmali. 

Experiment. — Our first experiment was made upon a hua- 
Eard. The creature being hoodwinked was stretched upon ita 
back, with its wings held on the table by bags filled with 
■mall shot. The application of the hood plunges these birds 
into a sort of liypnutism, during which we can make any num- 
ber of experiments upon them, without thoir evincing any pain. 

We laid bare the great pectoral muscle and the humeral 
region, we placed a ligature on the artery, disarticulated the 
«lbow-joint, and took away all the rest of the wing. A cord 
was fixed to the extremity of the humercia, and at the end of 
this cord was placed a scale-pan, into wliicb small shot was 
poured. The trunk of the bird being rendered perfectly im- 
movable, we excited tlie muscle hy means of interrupted in- 
duced currents ; while the artificial contraction was produced, 
an assistant poured into the pan the small shot, until the 
, force of contraction of the muscle was counteracted. At this 
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movement, the wsight supported was 2 kilogrammes 38( 
gramioea (about 6'38 lbs. troy). 

If we take into account the unequal length of 
the lerer, on the side of the power and tliat of the resistt 
we find that the pectoral miiscle had been able to pmdi 
total effort of 12 kilogrammes 600 grHmmea (iibout 33 78 11 
Iroy). which wduld cotreHpond with a traction of 1! 
grammes (366 lbs. troy) fur each square centiuietrs of 
transverse section of the musvle. 

A pigeon placed under the same conditions has given, as 
entire effort, a weight of 4860 grammes, which, according 
the transverse section of its muscle, raised to 1400 grammea 
the effort which each muscular bundle could develop for 
square centimetre of section. 

If we admit that the electrical action employed in thi 
esperiments to make the muscles contract, develops an effort 
less than that which is caused by the will, it is not less true 
that these estimates, which are less than those which we 
generally obtain in the muscles of mammals under the same 
conditions, do not authorize us in recognizing in the bird 
special muscular power. 

Lastly, if we were to take into account in this estimi 
the laws of thermo -dynamics, we might aflirm that tlie bi 
VDuld not develop in flight a very especial amount of work. 

All work, in fact, can only be performed with a certain 
■waste of substance, and if the act of flying involved a great 
expenditure of work, we ought to find a notable diminution 
of weight in a bird when it returns from a long flight. Nothing 
of this kind is observed. Persons who train carrier pigeons 
have given us information on this point, irom which we gather 
tliat a bird which has traversed in a single flight a distance ot 
fifty leagues (which it seems to do without taking any food), 
weighs only a few grammes lesa than at its departi 
would be interesting to make these experiments again wil 
greater exactitude. 

Of the rapUlity of the mtacular actiont of birdt. — One of 
most striking peculiarities in the action of a bird's musolM 
is the extreme rapidity with which force is engendered in. 
them. Among the diflereut species of animuls ^huae muscular 
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acts we have determined, the bird ia that which, after the 
insect, has given the most rapid moTenii'nts. 

This rapidity ie indiapeusable to flight. In Tuct, the wing; 
when lowered, can meet with a sufiicieut resiHtance in the 
eir only when it moyes n'ith great velocity. The resistance 
of the air against a plane surface which strikes upon it 
and repels it, evidently increases in the ratio of the square 
of the velocity with which this plane is displaced. It 
would be of no use for the bird to have energetic muscles, 
capable of effecting considerable work, if they could only 
give slow movemeuts to the wing ; tlieir force could not 
be exerted for want of resistance, and no work could be pro- 
duced. It is otherwise with teireatrial animals which run or 
creep on tlie ground, with a speed more or leas rapid accord- 
ing to the natiire of their muscles, but which in every case 
utilize Iheir muscular force by means of the perfect resistance 
of the ground. Tlie necessity of velocity in the movenienls 
of fishes has been already observed, since the water in which 
they swim resists more or leas, according lo the rapidity 
with which their tails or their fins act upon it. Thus the 
muBiiilar action of fishes is rapid, but much less so than 
that of birds, which move in a medium far more yielding. 

In order to understand the rapid production of movetneuts 
in the muscles of the bird, we must remember that these 
movements are connected with chemical action, produced in 
the very substance of the muscle, where they give rise, as in 
machines, to heat and motion. We must therefore admit 
that these actions are excited and propagated more readily 
in the muscles of birds than in those of any other species ol 
animals. In the same manner the diOereut kinds of powder 
used in war diifer much from each other in the rapidity ol 
their explosion, and consequently give very diflbrent velocities 
to the projectiles which they impel. 

Lastly, the form of movement presents in difi'erent species 
, of birds peculiarities which we have already noticed. We 
have seen in Chapter VIII- how much tlie dimensions of tlie 
pectoral muscles vary according as the strokes of tlie wing are 
required to have much force or great extent^ therefore w» 
ahull not recur again to this subject. 
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Form of tilt bird. — All tliose who bare etudied the flight 
birds have very properly paid great attention to the form of 
these creatures, as rendering them eminently adapted to flight. 
They have recognised in tliem perfect etable eqiiilihrium in 
the aerial medium. They have thoroughly uuderstood the 
part played by the lai^ surfaces formed by the wings, which 
Tuay sometimes act as a parachute, to produce a very eluw 
doecent; while at other times tliese aurfiices glide through the 
air, and foUoniog the inclination of their plane, allow the 
bird to descend very obliquely, and even to rise, or to hover 
while keeping ita wings immovable. Some observers have 
gone so far as to admit that certuin species of birds play 
an entirely passive part in flight, and that giving up their 
wings to the impulse of the wind, they derive from it a force 
capable of carrying them in every direction, even against tha 
wind. It seems to us interesting to discuss, in a lew worda, 
this important qiiealion in the theory of flight. 

The stable equilibrium of the bird has been well explained; 
there is nothing for us to add to the remarks which have been 
made on this subject. The wings are attached exactly at 
the highest part of tlie Ihoras, and consequently when the 
outstretched wings act upon tlie air as a fulcrum, all tha 
weight of the body ia placed below this surface of auspensit 
We know also that in the body itself, the lightest organs, 
lunga and the air vessels, are in the upper part ; k 
tha moss of the intestines, which is heavier, is lower; also 
that the thoracic muscles, which are so voluminous and heavy, 
occupy the lower part of the system. Thus the heaviest 
part is placed as low as possible beneath the point of sus- 
pension. 

The bird, as it descends with its wings outspread, will thus- 
present its ventral region downwards, without its being 
eory to make an effort to keep its equilibrium ; it will takk 
this position passively, like a parachute set free in space, or 
like the shuttlecock when it falls upon the battledore. 

But this vertical descent ia an exceptional case ; the bird 
which allows itself to fall is almost altrays impelled by some 
previous horizontal velocity; it therefore slides obliquely upon 
the oil', as every light body of large surface does wiieu pluctsl 
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^Bander the conditions of stal.le equilibrium which we ha-ve ^^B 
^M }<i6t described. Mona. J. Pline has carefully studied the ^^M 

has even represented them by means of small pieces of appa- ^^H 

riitus which imitate the insect or the bird when they fly ^^^| 

witliout raoving their winge. ^^H 

If we take a piece of paper of a square form, and fold it iu ^^H 
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Pia to— EUprewHtliiK. DDthsleft. > coDtriTuicc Intnded (o InilUia tba^^^^^^^l 
hovortaff i.f blrdiF; it la pluBd in Bquibbrium br two «<ir1 welKbU ^^^H 

tbougli lurmsdbjthe Inlded psper. TbUplecv of ippuntiu riUi ircrtj- ^^^H 
callv. u tbonn by the iiucccaatva uoatltana of the nlrs Bben atbicbeil tii ^^^H 

with mt woiKbt uDly. Ita till ia forHb^lic, na .buoii by'Uia d•M,^■l ' ^^H 
ti»]ccb>ry. ^^H 

the middle, ao as to form a very obtuse angle (fig. 90) ; then, ^^H 
at tlie bottom of this angle, let ua fix with a little wax a ^^M 
piece of wire attached to two masses of the same weight ; we ^^H 
shall hare a syHtem which will maintain stable equilibrium ^^M 
in tlie air. If the centre of gravity pass exactly through the ^^M 
centre of the figure, we shall see it descend rertically when ^^H 
we let it go, tlie convexity of ita angle being directed down- ^^H 
wards. ^^H 
If we take away one of the weights, ao as to alter the ^^M 
poeition of the centre of gravity, the apparatus, instead of ^^M 
deocending vertically, will follow an oblique trajectory, and ^^H 
will glide through the air with an accelerated motion (fig. 90, ^^H 
to the right). ^^H 
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The trajectory passed through by this little iustrumeiit v 
be Bituated in a vertical plane, if the two halres of the appa- 
ratus are perfetlly syrumetrical ; hut if they are not, it will 
turn towards the Bide in which while it cuts the air it finda 
t)ie greater resistance. These effects, which are easily un- 
derstood, are identical with those which the resistance of the 
ruddur causes in the advancing motion of a ship. They can 
also lie produced in a vertical direction ; so that the trajetitury 
of the apparatus may bo a curve with its concavity above a 
below, as tlie case may be. 

Every thin body which ia curved tends to glide upon 1 
air aucordiug to the dirociiou of its on-n curvature. 




!f we turn back either the anterior or posterior edge of our 
little apparatus, we shall see it at a given moment of its 
descent rise in opposition to its onn weight, but it will soon 
lose its upward movement (fi^. 91). Let us consider what 
bos taken place. 

So long as the paper descended with but slight rapidity, 
the effect of its cuivature was not perceptible, becauae the 
air resists surfaces only in the ratio of the vebx.-ily with which 
they move. But when the rapidity was stithcirnlly great, an 
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[ efffot was produced §iinilar to that of a rudder, uliiuh tiiracd 
I op the auterior extremity of tbe little apparatus, and gave it 
I aBoeiiding course. Immediately, the iveigbt wiiicli waa 
I thp generating force of its gliding movement through the uir 
I >v-gan to retard it; in proportion ae it roee, it loet its vcln- 
I ci'y until it renched the point of rest. After that, a doMUwnrd 
ivtiment commenced, then an ascent in tlie oj)po.iit« din-i.'- 
m, so that the paper descended to the ground by buccessivt; 
oecillations. 

If we give the apparatus a slight concavity downwards, 
the opposite effect ia produced; we see (fig. 92), at a certuiii 
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moment, the trnjectory tuiuB aliniptly downwards, and Uie 
foiling body strikes the ground with considerable violence. In. 
this second caso, when the rudder-like effect is produced, the 
new direction has in its favour the weight which hastens the 
&11 of the little instrument, as in the former experiment it 
rendered the re-ascent more slow. 

We have dwelt upon these eHects. lieenuso they often occur 
in the flight of birds. Tbey are mentioned id the old treatises 
on falconry, which describe tlie evolutions of birds used in 
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Without going fiirtlier back, we find in Iliilier* t1 



t going 

dwcription of these curvilinear movemeDts of falcons, to which 
ttiey gave the name of pnssadet. and which consisted of on 
obliiiue descent of the bird, followed by a re-ascent, which 
they called reBtource {from the Latin, rfsurgert). " The bird," 
says Huber, "carried forward by its own velocity, would dnsh 
iti»elf against the ground, were it not that it exercises a cer- 
tain power wliich it^ possesses of stopping when at its utmost 
speed, and turning directly upwards to a sufficient height to 
enable it to make a second descent. This movement is able 
not only to arrest its descent, but also to carry it without any 
further effort, as high as the level &om which it etarted." 

Surely, there is some exag^ration in saying that the bird 
can rise, without any active effort, to the height irom which 
it stooped ; the resistance of the air must destroy a portion of 
the force which it had acquired during its descent, and which 
must be transformed into a rising impulse. We see, how- 
ever, that the phenomenon of the resource has been noticed 
by many observers, and that it has been considered by theni' 
as, to a certain extent, a passive motion in which the ' ' *" 
has to employ no muscular force. 

The act of hovering presents, in certain cases, a great 
logy with the phenonieua just described. When a bird- 
pigeon, for example — has traversed a certain distance by 
ping its wings, we see it suspend all thi 
some instants, and glide on either horizontally, ascending 
descending. The latter kind of hovering motion is that whiuh 
is of longest duration ; in fact, it is only an extremely slow 
fall, but in which the weight assists the movement, while 
it checks it in the horizontal or ascending course. In iha last 
two forms, tlie wing, directed more or less obliquely, derives 
its point of resistance &om the air, like the cliild'a plaything 
culled a kite, but with this difference, that tlie velocity is 
given to the kite by the tractile force exerted on the string 
wbeu the air is calm, while the bird when it hovers utilises 
the speed which it has already acquired, either by its oblique 
fiill or by the previous flapping of its wings. 

We have alrf^ady said, that observers had ailmitted t 
• 8»o. lleneTB, 1784. 
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certain birds which ttey called "sailing birds" could suatnin 
and direct themBelvea in tbe air solely by tbe aclicn of the 
vind. This theory lias all the appeamnce of a paradox ; we 
cauDot understand how the bird, when in tbe wind, and using; 
no exertion, should not be affected by its force. 

If the pantadu, or the changes which tt effects in the plane 
of ita wings, can Bometimes carry it in a direction con* 
trary to that of the wind, these can be only transient effects, 
compensated afterwards by a greater force driving them 
before the wind. 

Nevertheleea, this theory of lailinif fti'jht hns been advo- 
cated with great talent by certain oiiservurs, and especially by 
Count d'Ealemo, the author of a reunrkable memoir on the 
flight of birds. 

"Every one," aaya this author, "mutt hnve seen certain 
birds practise this kind of sailing flighty tu deny it, is to 
contradict evidence." 

We know eo tittle yet of the resistance of the air, especially 
with refereni^e to the resolution of this force when it acts 
against inclined planes imder diffi^rent angles, that it is im- 
possible to decide on this questiou as to Hailing flight. It 
would be raah abBolutcly to loademn the opinion of observers, 
by depending on a tht^ory or on notions as vague as tho^e 
which we possess on tliis sulijeet. 

Batio of the lur/aee nj the tritigi to the weight of the body.-^ 
One of the most interestiiig points in tlie conformation of birds 
consists in the determination of the ratio borne by tbe surface 
of the wings to the weiglit of the bird. Is there a constant 
relation between these two quautiiies? This ijuesliou has 
been the cause of many controverr^ies. 

It has already been shown tliat, if we ompare birds of 
different species and of equal weight, we may liud that some 
have their wings two, Iliiee, or four times more extended 
than the others. The birds with large wing surfuces aiti 
those which usually give tlicni!>elreB up to a kind of hovering 
flight, and have been called suiltiig birds ; while those v 
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exact, we choose them from the aarae family, ia order to ha» 
no difference between them except that of size, we shall fin 
a tolerably constant ratio between the weight of these bird 
and the surface of their wings. But the determination of ttai 

jeeo long disregarded by naturalists, 

Mona. de Luuy has endeavoured to compare the surface a 
he wings with the weight of the body in all flying anlmal« 
Then, in order to estabiish a common unit between creatura 
of such different epecies and aize, he referred all these esti 
mates to an ideal type, the weight of which was always oa» 
tilogramme. Thus, baring ascertained that the gnat, wliioh 
weighs three miUigrammes, {Kissesses wings of thirty square 
millimetres of surface, ho concluded that in the gnat type 
each kilogramme of the animal was supported by an alar sur- 
face of ten square millimetres. 

Having drawn up a comparative table of measurements 
taken in animals of a great number of different species 

suits: — 


1 




S^des. 


Weight of Animal.' SMfcce of Wings 


SarfsMper 
£ilagnimm<i. 




Gnat . . . 
Butterfly. . 

Siork . . 
Australian Cnoe. 


8 milligr. 
2U centigr. 
2U0 gnmmca. 
22SS „ 
B600 „ 


30 «q. miUim. 
1683 „ „ 
750 Bq. osntim. 
1508 „ „ 
S5«3 „ „ 


10 sq. millim. 

2686 iq-tMUtini. 
1988 „ „ 


L 


From these measurements we obtain the following iiqf^ 
portant consideration, that animals of large size and gro^ 
weight sustain themselves in the air with a much less prol 
portionate surface of wing than those of smaller si)». 

Such a result plaiidy shows that the part played by the 
wing in flight ia not merely passive, for a sail or a parachute 
ought always to have a surface in proportion to the weight 
which it has to support; hut, on the contrary, wheu con- 
sidered in its proper point of view, aa an organ which strikes 
the air, the wing of the bird ought, as we shall see, to pre- 
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t ft surface relative!; lew in birds of Urge sin and of 
great weight. 

The Burprise which we feel at ths result obtained by Mone. 
de Lucy disappears when we consider that there is a geome- 
trical reason why t)ie surface of the wing cannot increase in 

" i ratio of the weight of the bird. In fact, if we take two 
olijects of the same form — two ciibca, for example — one of 
wliich has a dismeter twice as large as the other, each of the 
surfaces of the Lirger cube will be four timea aa large as that 
of the smaller oue, hut the weight of the large cube will ite 
eight times that of the small one. 

Thus, for all similar geometrical soUds, the linear dimeii- 

lions being in a certain ratio, the surfaces will increase in 
proportion to their squares, and the weights in that of their 
cubes. Two birds eiuilar in form, one of which has an 
exient of wing twice as large as the other, will have wing 
surfaces in the proportion of one to four, and weights in that 

if one to eight. 

Dr. Ilureau de Villeneuve, basing his enquiries on these 
considerations, has determined the surface of wing which 
would euable a bat having the weight of a man to fly ; and 

»he has found that each of the wings ueed not be three metres 
in length. 
In a remarkable work on the relative extent of wing and 
weight of pectoral miiflcles in different species of flying ver- 
tebrate animals,* llortings shows that in a series of birds we 
can establish a certain relation between the surface of the 
wing and the weight of the body. But we must be carefiil 

I only to compare elements which admit of comparison; for 
instance, the length of tlie wings, the square roots of their 
eurfdces, and the cube roots of the weights of diflerent birds. 
Let ( be the length of the wing ; «, its area or surface ; 
anil p the weight of the body j we can compare together I, \/a, 
and -^p. 
Making observations on different types of birds, Ilarfings 
aeoertaiued thi'ir measurements and weights, from which he 
obtained the following table : — 
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HamcofSpcdoL 


Weight. 
P 


SurfM.. 


Batiu. 






Vf 


I. L>ni« argenUtoa , 


565-0 


U\ 


9-88 


3. Aiiiu nvrocft 


508 


S91 


a-S6 


5, Fulicatm . 




493-0 


262 


8 05 






275 5 


141 


1-84 


G. Unis ridibundoi . 




ItfT'O 


331 


8-13 


6. Mo(!he[*3 poKnax 




IBOO 


lei 


2-S3 


7. Kiillu< a<(iiHUciu . 




170'B 


101 


1-81 


8. Turdui pilftris . 




lOS* 


101 


214 


fi. TunliuturrnU 




8se 


106 


2-31 


10. Stumus vulg«ri» 




80 't 


ss 


2-09 


11. BomWciUnffiiTnls. 




60 




1-99 


13. AUud« ■rfetiBW. 




32-9 


75 


2.69 


IS. PuruBTOSjor . 




U-G 


31 


2-29 


1*. Friiigillii si-inM 




10-1 


25 


2 -S3 


Ifi I'urus c<Brulou» 


91 


24 


2-34 



Til this list of IlarCin^ we will add another which we hava 
prL'pared bylliesamemoihud (p. 225). All the experiments have 
hueu luude ou birds killed by the giiQ, and a few iaattuits after 
death. We have taken the surface of the two winge instead 
of only one, as tlaxtiiige bad done ; this modification, which 
appeared necessary, is the priucipal cause of the difference 
which the reader will find between our numbers and those of 
the Dutch physiologist. To compare the two tables, it will 
be neceasary to multiply by \/2 the number obtained by 
Uarttngs as ihe expression of the ratio ~ 

The variations that we find in the ratio of the weig^ht 
the body to the surface of the wings in different specieB i 
birds, depends in a great degree on the form of the wings. 
In fact, it is not immaterial whether the surface which strike* 
the air has its maximum near the body or near the extremity; 
these two points have very difierent velocities. For an equal j 
extent of surface the resistunce will be greater at the point o' 
the wing than at its base. It follows from this, that two b" 
of unequal surface of wing may find in the air an equal rei 
auce, provided that these surfaces are differently arranged. 

The weight of the pectoral niust-Ies is, on the contrary, i 
a fimple ratio to the tiitul weight of the bird, and notwilT 
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Btanding TariadonH wbicti coTrespond with the different apti' 
tudes tor flight with which eaeh epecies is endowed, we Sod 
that it is about oae-sixth of the whole weight in the greater 
number of birds. 



I 







SurfMB of 




Nun* of Specie!. 


Weight = p 


WmB8 = 2a. 


Rutio = -^ 




Orwnmes. 


Vf 


Vnltnr . . . 


1BB39* 


3131 


4-723 


Vullni dnarem . 




1535 ■(» 


8233 


4-929 


Filco tinnunculn. 






128 B< 


642 


6 015 


„ m 


ino 




147 36 


646 


4'424 


F»l«o Eobck . 






282 ■« 


870 


4-747 


Falconiblatiot?) 






609 82 


IBBl 


6-138 


FiUoo palustru . 






aoS'76 




6-810 


F«1eo milrus 






620 1* 


1904 


6-117 


Strii puaeriDB . 






123 -80 


3B4 


3-993 








128-B4 


412 


4-1 62 


Suicola (cnantbe 






58 05 


125 


2-922 


Alsada oristaU 






36 80 


202 


4 273 


Corvu. cornii . 






87*64 


1166 


4-717 


Dpnp« epopB 
Men™ «pi«ater. 
Alcedo Urida 
AIc«lo»fr«(I) . 






49-12 


328 


4 -962 






18-80 


117 


4-106 






82-8S 


270 


3 769 






86 -S6 


288 


3-845 


Golamba viniiceB 






112 00 


292 


8-646 


Vanelliu spiQMU. 






I6B-B* 


838 


4-649 


yur«u \ 






96-17 


848 


4-068 


Buteo Tulpiria . 






785-00 


1661 


4-405 


Perdix cine™ 






28000 


820 


2-734 


Storniu vulgwi* 






78 00 


202 


8 328 


Corviispioa . 






212 00 


640 


8-908 








276 00 


690 


4-039 


HiJnndo'urbica ' 






18-00 


120 


4-180 


TurdiuQwruk . 




»100 


230 


8-33S 



In oonclusios, each animal which sustains itself in the air 
must develop work proportionate to ita weight ; it ought, for 
this purpose, to possess muscular mass ia proportion to this 
weight; for, aa we have already seen, if the actions performed 
bj the muscles of birds are always of the same nature, these 
actions and the work which they perform will be in proportion 
to the mass of the muscles. 
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But how U it that wings whose surfaces Tory as to t 
square of their linear dimeusions axe auffitleut to move the 
weights of birds which vary in the ratio of the cubes of these 
dimensioDs ? 

It can be proved that, if the strokes of the n-ing were as 
freqiiont in large as iu Binall birds, each stroke wouid have a 
velocity whose value would increase with the aize of the bird: 
and aa the reaiatance of the air increases for each element of 
the surface of the wing, according to the square of the velo* 
city of that organ, a considerable advantage would result to 
the bird of large size, aa to the work produced upon the air. 

Hence it follows, that it would not be necessary for large 
birds to give such iregueut strokes of the wing in order to 
sustain themselves aa would be required for those of smaller 

Observers have not, hitherto, been able to determine very 
accurately the number of the strokes of the wing, in order to 
ascertain whether their frequency is in on exact inverse ratio 
to the size of birds ; but it is easy to see that the number of 
strokes varies in birds of different size in a proportion of thia J 
kind. 



CHAPTER IV. 



Frequency of the movomenti of ths win);— Relatire dunitionB of its t 
and fall — Electrical detcTmioation — Hyogrnphical detarminstjcn. 

Tnjfttoij of the bird's wing dniing flight— Constiuctioii of tha initn:- 
ncDts which register this movement— Expecimeut— Elliptical figun - 
of the tr^ecCory of the point of the wing. 

In the general remarks on the form of the bird, and on t 
deductiona to be drawn from it, the reader must hare a 
that TOMiy hypotheses await experiraentul demonstration. For I 
this reoHon, we have been anxious to apply to the 6ights of J 
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rthe bird the nietliod which has enabled us to analyse the other 
modes of locomotion. 
Frtqumey of tlie ttroket of ih« wing. — The graphic method 
which enabled us so easily to determine the frequency of the 
strokes of the insect's wing cannot be employed under ^e same 
conditions when we experiment ou the bird. It will be neces- 
sary to transmit signals between the bird as it flies and the 
registering apparatus. We have here to deal with a problem 
similar to that which we solved with respect to terrestrial 
locomotion, when we registered the number and the relatiya 
duration of the pressures of the feet upon the grouud. We 
must now estimate the duration of the impacts of the wing' 
upon the air, and the time which it occupies in its rising 
motion. 

Electrical viethod. — We made use at first of the electrio 

■ telegraph. The experiments consist in placing on the er- 
tremit; of the wing a kind of apparatus which breaks or closes 
an electric circuit at each of the alternate movementa which 
it is induced to make. lu this circuit is placed an electro- 
magnetic arrangement which writes upon a revolving cylinder. 
Figure 94 shows this mode of telegraphy applied to the study 
of a pigeon's flight, simultaneously with the transtciasiun of 

I signals of another kind, to be hereafter described. In this 
figure the two conducting wires are separated from each other. 
The writing point will trace a wavy line, the elevations and 
depressions of which will correspond with each change in the 
direction of the movement of the wing. In order that the 
bird may &y as &eely as possible, a thio flexible cable, con- 
taining two conducting wires, establishes a communication 
between the bird and the telegraphic tracing point. The two 
ends of the wires are fastened to a very small light instrument 
which acts tike a valve under the influence of the resistance of 
the air. When the wing rises, the valve opens, the current 
is broken, and the line of the telegraphic tracing rises. When 
the wing descends, the valve closes, the current closes at the 
same time, and the tracing made by the telegraph is lowered. 
This instrument, when applied to different kinds of birds, 
enables us to ascertain the frequency peculiar to the move- 
ments of each. The number of species which we have been 
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able to study is yery Btnoll as yet ) the following are 
results obtained : — 

BeroliitionB of wloj 
p«r Kcoud. 

Sirarrow 13 

Wild duck S 

PiK«"n 8 

lloor bazznrJ . . . < . fij 

8eni«c]i owl ...... 6 

Buizurd 3 

The frequency of the etrokes of tlie wing varies also, according 
B8 the bird ia first starting, in full flight, nr at the end of its 
flight. Some birds, as we know, keep their wings perfectly ^^^J 
still for a time ; they glide U|)os ttie air, making use of th»^^^| 
Telocity already acquired. ^^^H 

Btlativt duration of the deprettioii and elernlion of I/itf ming — a^^^H 
Contrary to the opinion entertaiDed by some writers, thfl^^^H 
duration of the depression of the wing is ueuully longer tluuk^^^H 
that of ita rise. The inequality of these two periods is mon^^^^f 
distinctly seen in birds whose wiogs have a large surface, anA ^^V 
wUioh beat slowly. Thus, while the durations are almost 
equal in the duck, whose wings are very narrow, they are 
unequal in the pigeon, and still more so in the buzzard. 
The following are the results of our esperiments : — 



— 


Totd duration of » 


Ascent 


D«ac«at 


Dnok 

Pigeon . . 

BuE^rd . 


82i .. „ . 


G 

1 
13* 


ii 



It is more difficult than would have been expected, to determina 
tlie precise instant when the direction of the line traced by the 
telegraph changes. The periods during which the soft iron 
is first attracted and then set free, have an appreciable duration 
when the blackened cylinder turns with sufficient rapidity to 
enable us to measure the rapid movements which are tfaa m 
subjects of this inquiry. The inflecliona of the line traced byJ 
the telegraph tlieu become curves, ilio precise conimoncemei ' 




of each of which it is difB.cnIt to discover. There ii 
some limit to the precision of the measurements which we can 
take by the electric method ; we can still, however, eBtimate 
bj this means tlie duration of a. moTemtnt with a tolerably 
accurate ap|>roximation. 

Myograplik method. — We have seen that a dilatation accom- 
panies the contraction of the muaciea, and follows it thiough 
oil ita phases. A ebortening of the muM'le, either rapid or 
alow, feeble or energetic, as the case may be, will therefore be 
accompanied by a lateral dilatation which will have Bimilar 
characters of rapidity or intensity. At each depression of the 
wing of a bird, tlte large pectoral muscles will be subject to a 
dilatation which it will be necessary to transmit to the re- 
gistering apparatus. 

We shall have recourse, for this purpose, to the apparatus 
which we hare employed in determiuations of the same kind, 
when treating of human locomotion. Some slight modifica- 
tions will enable them to give signals of the alternate phases 
of dilatation and relaxation of the large pectoral muscle. 




Fin 03.— Apnimtiu to InTunlgiitelhacnntnwtli 
oftheWri Tl>aiippcrcnn»B.*urfceBl»(onu. 
rubber fluppoTlsd by a apiml tptiofi-: tbifi pari 

whkh 

The bird flies in a space fifteen metres square and eight 
metres high. The reg-istering apparatus being placed in the 
centre of the room where the experiment is made, twelre 
metres of india-rubber tubing are sufficient to establish a 
constant commnnicatinu between the bird and the apparatus. 

A sort of corset is fixed on a pigeon (see figure 94). Under 
this corset, between the etuff, which is tightly stretched, and 
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the pectoral muecleB, a small inBtrument is slipped, which il 
intended ta ahow the dilatation of the muscles, and is constructe 
in the following manner : 

A little metal pan (%. 93), containing within it a 
spring, is closed by a membrane of india-rubber. This cloa 
pan communicalea with a tube transmitting air. 




m^-^m. 



Each pressure on the india-rubber membrane de^ 
it, and the spring gives way ; the air is driven out of the 
and escapes by the tube. When the pressure ceasea, the air 
is returned to the iuHtrument by the elasticity of the 



if»l 

log ^^H 
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" whicli raises the menibraae. Altern&te auttrard aad innard 
cuTrenta of air dre thus established in the tube, and this 
moTemeDt tntQsmits to the rugistering upparatuB the aiguals 
of the less or ^itnnter pressures exerted ou the nieinbraae of 
the small pan. 

The regisieiiag instrument is the lever drum, with whicH 
the reader is ulieitdy aequainted. It gives an amending curve 
while the muude coiitruuts, and a descending oae when it ia 
relaxed. 

Fig. 94 repreaoutB the general arrnDgement of the experi- 
meat, in which the electric telegraph aud the trunsmission of 
air are used at the same time. 

It showa a pigeon fitted with a corset, under which is 
slipped the instrument which is to show the action of the 
pectoral muscles. The transmitting tube ends in a registering 
apparatus, which writes on a revolving cyliuder. 

At the extremity of the pigeou's wing is the instrument 
which opens or closes an electric current, as the wing rises 
or einke. The t«'o wires of the circuit are represented as 
separated from one another ; within the circuit are seen two 
elements of liuntien'a pile, and the electro. magnet which, 
being furnished with a lever, registers the telegraphic signals 
of the movements of the wing. 

Exffrirntnt. — The bird is set free at one extremity of the 
room, the dove-cot in which it is usually kept being placed 
at the opposite end. TJie bird as it flies naturally eefk^ its 
uest in which to rest. During its flight we obtain the iiucin^s 
represented by fig, 95. 

It ia seen that the tracings differ according to the kind at 
bird on which the exp'eriment is made. However, we ob- 
serve in each of the tracings the periodical return of the two 
movements a and 6, which are produced at each levohiiinn uf 
the wing. 

On what do (hcso two mnscular acts depend 7 It is eaey 
to discover tliat tlie itn<lulatinna correspouUs with the muscle 
that elevates the «iiig, and 6 with that which depresses it. 
This can be proved : lrr»t, by collecting, at the saute time aa 
the muscular tracing, ilmiie of the ascending and desoendiug 
moveuieiits of the wing iiiiusmiltBd by eleetriciry, Wheu 
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them tvo tracings ore placed over each other, they show that 
the time of the elevation of the wing agrees with the dura- 
tion of the undulation a, and the time of its depression ooin- 
oidea witli the undulation h. 

Fi'om thia we may aee how the undulations a and b are 
produced in all the muacular tracings obtained from birds. 
la fact, close bj the portion of the bird's brenston which the 
experiment is mode, and near the projecting edge of the 
sternum, there are two diatiiict layers of muscle ; the more 
1 is formed by the large pectoral, the depressor 
of the wing ; the deeper one by the middle pectoral, or ele- 
vator of the wing, whose tendon passes behind the forked 
part of the sternum to attach itself to the head of the 
humerus. 

These two muscles, being superposed, will act by their 
dilatation on the apparatus applied to them ; the elevator of 
the wing, swelling as it contracta, gives its aignal by the un- 
dulation a ; the great pectoral eiguule the depression of tlie 
wing by the undulation b. 

We may verify the correclressofthis explanation by means 
of a very simple experiment. Anatomy shows us that the 
muscle which elevates the wing is narrow, and only covers the 
dnpresaor in its most inward purt, siluated along the ridge 
of the eteroun>; so that if we displace the little apparatus 
which shows the movement of the muscles, and remove it a 
little outwards, it will occupy a part where the depressor of 
the wing is not covered by the elevator, and the tracing 
will only present a simple nndultitioo, corresponding with 
b in the ourves of fig. 95. It is thus plaiidy shown tbat the 
undulations a and b in the musculsr traciugs of the birds on 
which we have experimented correspond exactly with the 
actions of the principal muscles whlcii elevate and depress 
the wing ; but we cannot attacli great importance to the form 
of the tracings, id order to deduce from them the precise 
nature of tlie movement performed by the muscle. Tliese 
movements seem, in fact, to encroach on each other; so that 
the relaxation of the elevator of the wing la probably not 
completed when the depressor begins to act. 

We expect nothing more from these tracings than that 
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^^^^B 


wliich they more readily fumiali^^^ 


E ^H^^^^^l 


namely, the number of the rGvoIu- 


tip ■B9 


tidDs of the wing, the greater or lesa 


■Irk W^BM 


regularity of these movemenla, and 


°- f ^^^^^^^^1 


the equality or inequidity of each of 


c~^ ^^S^B^I 


Uiem. 


^i? ^I^B^H 


Confining the question within 


^H^^^B^I 


tlieae limits, experiment shows that 


t^i ^B^B^^I 


the strokes of the bird's wing differ 


pi ^SH 


iu amplitude and in frequency from 


«?£ ^^HI^^H 


one moment to another as they fly. 


|H ^^S^H 


When diey first start, the strokes 


ill ^I^^^^H 


are rather fewer, but much more 


i!i ■i^l 


energetic ; they reach, after two or 


h- ^E^M 


throe Htrukea of the wing, a rhythm 


i-i H^H 


almost regular, which they lose 




again when they are about to eettls 


(fig. 9G). 




TKAJECTOBT OP THE WINO OF THE 


III ^^a^H 


BIBD DUBINO FLIGHT. 


We have seen, when trwating of 


the mechanism of insect flight, that 


iH 


the fundamental experiment was 


tlmt which revealed to us the course 


fii^n 


of the point of the wing throughout 


each of its revolutions. Our know- 
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ledge of the mechanism of flight 


naturally flowed, if we may so say, 
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from this first notion. 
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The graphio method, withils trauBmission of signals, whicli 
we have hilherlo employed, only furnishes the expression of 
movementa which take pluce in a efmiij^ht line, such as the 
contraction or lengttienitig of a muBcle, l!ie verlical and hori- 
KODtal oscillations of the body during the act of walking, &c. 
It is only by combining this rectilinear movement with the 
nnifonn advance of the sinokfd surface that receivea the 
tracing, that we obtain tbe ex|ire^siou of the velocity with 
nhich the movement at each instant is effected. 

The action of the wing during £iL;ht docs not conaiat 
merely of alternate elevationa nnd depreaaions. We have only 
to look at a bird aa it fliea over our head to ascertain that the 
wing is carried also forward and backward at each stroke. 
From this double action must result a curve which it is neces- 
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It can be geometrically shown that every plane figure, 
that is to Bay, every figure auaceptible of being described upon 
a plane surface, can be produced by the rectangular combina- 
tiiin of two rectilinear movements. The tracings obtained by 
Koenig by arming with a style Wlietttstone's vibrating rods, 
and the iiiminous figures of muaical chorda which Lisaajous 
produced by the reflection of a pencil of light upon two 
mirrors Tibrating perpenJicularly to each other, are well- 
known examples of the formation of a plane figure by means 
of two rectilinear movements at right angles to each other. 

Thus, if we can transmit at the same time the movements 
of elevation and depreBsion executed by the wing of tlie bird, 
as well as those which the organ makes forwards and back- 
wards ; then, supposing that a tracing point can receive simul- 
taneDusly the impulse of these two movements at right angles 
to each other, this point will describe on the paper the exact 
tracing of the movements of the bird's wing. 

We have endeavoured first to construct an Instrument which 
would thus transmit to a distance any movement whatever, 
and register it on a plane surface, without attending to the 
method by which this machine, which may be more or less 
heavy, might be adapted to the body of the bird. Fig. 97 
represents our first experimental instrument, the deecriptioii 
of whicli is indispensable in order to enable our readers to 
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understand the construction of the macliine which we final 
smplojed. 

On two solid feet carrying verlical eiipports, we ph 
two horizontal arms paraUel to each other. These wi 
alumiiiiiim ievers. which, by means of the apparatus 
about to descrihe, will both esecutfi the same movenienl 
Each of these levers is mouoted on a Cardan joint, that is 
say, a universal joint which allows every kiiid of movemec 
so that each lever can be carried upwards, downwards, 
tlie right or the left ; it can describe with its point the b 
of a cone of nhich the Cardan forms the apex ; in fact it i 
execute any kind of movemeut which the experimenter n 
please to give it. 

It was rcqiiisitd to effect the transwissiun of the mo 
meuts of one of these levers to the other, and that at a d 
tauceoftea or fifteen metres. This is done by a methodw 
which the reader is already acquainted — the employment 
air-drums and tubes. 

The lever, which in fig. 97 is seen to tlie left hand, 
fastened by a vertical metallic wire to the meuibrane 
drum placed uudernaath it. In ths vertical uinreinei 
the lever, the membrane of the drum, alternately di 
and raised, will produce a current of air, which will be trans- 
mitted by a long air-tube to the membrane of a similar drum 
belonging to the apparatus on the right hand. The second 
drum, placed above the lever which corresponds with it, and., 
is fastened to it, will faithfully transmit all the verti( 
movements which have been given to drum No. 1 (that 
the left). The motion of the two levers will be in 
direction, on account of the inversion of the positic 



l«t u8 siipjiose that we lower the lever No. 1 ; 
<ri^Ba the membrane of the drum beneath it ; 
if is produced which raises the membrane of the second 
lium, and consequently lowers lever No, 2. Oq the ooutrary, 
lie elevation of lever No. 1 will produce an inward current of 
,ir, which will raise the membrane and the lever of No. 3, 
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one of the levers and to the left of the others, a drum whom 
membrane, situated in the vertical plane, acts in a lateral 
direction 1 the transmiesion of these movemects is made hy a 
special tube, as in the case of the vertical movements. 

I'he apparatus having been thus constructed, if we take in 
OUT fingers the extremity of one of the levers, and give it any 
motion whatever, we shall see the other lever repeat it with 
perfect fidelity. 

All the difference conaiats in a slight diminution of the am- 
plitude of the movements in the second lever. 7'his is because 
the air contained in each of the ^sterns of tubes and drums 
is slightly compressed, and consequeotlj does not transmit 
completely the movement which it receives. It would be easy 
to remedy this inconvenience, if it were found to be one, by 
giving to the receiving apparatus a greater sensibility, which 
might be effected by placing the Cardan joint a little nearer 
the point where the movement is transmitted to the lever of 
the second instrument. But it is better not to seek to amplify 
the movements too much when we wish to register them by 
tracings, since we then augment the friction, and diminish 
force by which it must be overcome. 

After having ascertained that the transmission of any mc 
ment whatever is effected in a satisfactory manner by this ap- 
paratus, we sought for a means of tracing this movement on a 
plane surface. The difficulty which occurred in the application 
of the graphic method to the study of the movement of tha 
insect's wing, again presents itself here ; but in this case 
are no means of avoiding it by taking only partial tracings. 

The point of the lever No. 2 describes in spaoe a sphei ~ 
figure incapable of becoming tangential, except iu a single 
point, to the smoked surface which is to receive the tracing. 
Consequently, it has been necessary to register the projection 
of this figure on a plane surface, and to arrange the lever in 
such a manner that it may lengthen or shorten itself as re- 
quired, in order to keep always in contact with the smoked 
glass. This result was obtained by means of a spring which 
served as a writing point. 

Fig, 98 shows the spring in question, at the extremity 
lever. It is wide at Ibe base, in order to resist any tendei 
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to lateral deviatione under the influence of the friction ; tliis 
base is fixed to a vertical piece of aluminium, which ia 
attached by its lower part to the extremity of the lever. In 
this manner, the point of the spring which acts aa a style ia 
considerably in front of the lever whose movements it is to 
register. Let us suppose the lever to rise, and take the 
position indicated by tbe dotted line in figure 98 ; while 
traversing this space, it will have described an arc of a circle, 
and ita ejttremity will no longer be in the same plane as before, 
but the elasticity of the spring will have carried the writing 
point more forward ; it will still continue, therefore, to be 
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in contact with the plane on which it ia to trace. Thus the 
lever lengthens or shortens, as required, and ita point 
always presses on the plane. The surface on which the tracing 
is received is a well-polished glass, and the spring which 
forma the style is so fiexible.that the elastic pressure which it 
exerta upon the glass rubs it but slightly. 

The apparatus being thus arranged, it must be submitted 
to a verifying process, to ascertain if movements are faithfully 
transmitted and registered. 

For this purpose, arming the two levers of fig. 97 with 
similar styles, we placed their points against the same piece 
of smoked glass; we directed with tbe hand one of the levers 
so ae to trace any figure, to sign one's name for instance ; ths 
other lever ought to trace the same figure, to reproduce the 
same signature. 
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It genemlly happens that the tranamisaioii is not eqnally 
easy in both directions ; we perceive a alight deformity in the 
trajismilted figure, whicli ie lengthened more or leaa both in 
height and in width. This fault can always be corrected ; it 
ariHefi from the fact, that the membrane of one of the drums, 
being more stretched than that of the other, obeys less eoaily. 
We Boon succeed, by various trials, in giving the same eensi- 
bility to the two membranes, which is ascertained, when we 
find that tbe figure traced by the first lerer is identical with, 
that of the eecond. 

Experimmit to determine grajthkally the trajectory of tke ving. 
— The following are the nioditications which allow us to apply 
this mode of trunamission to the study of the moTements oT 
the wing of a flying bird. 

As the apparatus must necessarily be of considerable weight, 
we chose a large bird to carry it; strong full-grown buzzards 
were employed in these experiments. By means of a kind of 
corset wliich left both the wings and the legs at liberty, 
on the back of the bird a thin piece of light wood on which. 
the apparatus was placed. 

In order that the lever might execute faithfully the sama 
movements as the wing, it was necessary to place the Cardan 
foint of this lever in contact with the humeral articulation of 
the buzzard. Therefore, as the presence of the drums by ths 
side of the lever did not permit this immediate contact, we 
bad recourse to a parallelogram, which transmitted to the lever 
of the apparatus the movements of a long rod, the centre of 
motion in which was very near the articulation of the birds 
wing. Then, in order to obtain perfect correspondence be- 
tween the movements of the rod and those of the buzziird's 
wing, we fixed on the outer edge of the wing — that is to say, 
on the metacarpal bone of the thumb of the birtl, a very tight 
screw clip, furnished with a ring, through which slipped the 
Bleel rod. of which we have before spoken. 

Fig. 99 represents the busssard flying with the apparatus 
just desorlbed ; underneatii it hang the two transmitting tubes 
which are fixed to the registering instrument. 

After a great many fruitless attempts and changes in the 
conalrutlion of the appnratus, which, being too fragile, broke 
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movement from right to left, gave 
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ligure 100. In order to under- 
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stand this figure, wemuft imagine 




^K^^B^SH 


the bird flying from left to right 






(aa the tracing is to be reail). 
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and rubbing the extremity of its 
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left wing against awall blackened 
with smoke i the tracing which 
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its wing would leave imder these 
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conditions would be identical with 
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that represented in fig. 100. 
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This curve ia a kind of ellipse 
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spread out by the advancing mo- 
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tion of the plate which receives 
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the tracing. Except some trem- 
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blings of the line, which arose 
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from the imperfection of the 
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apparatus, the trajectory of the 
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bird's wing may be compared to 
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tuned in unison, and giving an 
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elliptical vibration. 
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Fig, 101 represents a tracing 
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of this kind. 
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D'Esferoo had already determined by his experiments that 
Uiie trajectory existed; and he has even figured, in his work, 
the ourve described ; but, in his opinion, the lar^r axis of 
the ellipse would be directed downwards and backwards, which 
is entirely opposed to the result of our experimenta. 
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We remark also the unequal amplitude of the strokes of 
the wing from the comnieucement to the end of fig. 100. 
This variation in size agrees with what we have already 
stated concemiag fig. 96. This showed tliat at the com- 
mencement of its flight, the bird grrea stronger strokes with 
its wing. It b at that moment, iu fact, that it hag to effect 
the maximum of work, in order to rise from the ground. 
After this, it will only need to remain at the height which it 
has attained. 
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Hew dalenninatioQ of the tnyeelory of thawing — Description of uppiiretaf™ 
— Tmnmiiwioii of a morement hj the tnctbn of a. tbnad luitrii- 
meut sod spiiantos to siupeDil the bird— El peri meot on the Sight of 
ft pigeon — AnalyslB of the curras— Description of the sppariLtua 
intaaded to gire indications of the changes in the plans of the wmg 
daring flight-- lieltition of these cliuugei of pluis with the otliur 
ia of the wing. 

NATIOtf or THE THAJECTOHT OP THE WlltO. 

The aimultaiieoua aoaljeis of the changes in the plane of 
the wiug, and of the various phases of ita course, would have 
presented great difQculties, if ve had not dis<.-avered a new i 
arrangemeut of the aj)para(us, which allowed us to esaniiiM^S 
at the same time, au aluost iufiuite number of dlfferei^fl 
moTemente. ' 

This Bimpli£calioD of the method consists in the employ- 
meut of threads to transmit the movement of any point 
wlialever to the experimental apparatus, which in ita turn, 
sends it by the ordinary means to the registering instrument. 

Dncription of npparattu. — Let fig. 102 be two lever-drums 
connected togeUier, aimilar to those already rejireseuted in 
fig 21. 

Tlie lever L belongs to the experimental apparatus, that on 
which the moTement to be studied is to act. On the frame 
of this first instrument let us place an arm of bent wire, from 
the extremity of which on india-rubber thread, F, will pass to 
■iie lever L. From the same lever hanga a cord of tnisieii 
lilk, C C, to which is suspended a. leaden ball. 

Let us suppose the ball to be at its lowest position — at 
the point A — Uie lever L occupies the place marked by adol '™ 
line, while in the registering iustvuroent the air diivun 
raises the lever L', which traces the u 
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Nov let UB raise the liall to the poation B ; the elasticity 
of the india-rubber thread will cause the lever to rise. Thua 
it is acted upon alternately by two forces, sometimes by ihe 
traction eiert«<I by the silk thread, which lowers it ; at others, 
by the retraction of the india-rubber, which re-acts as soon as 
the tractile force oeaees. Thus the lever will follow faithfully 
all the movements which are given to the extremity of th9 
thread whicli draws it down. 




The lever L', which is to trace on the cylinder the movft- 
Siflnts transmitted to it, moves in an opposite direction ti 
course of the cord C C. The tracing will thus be r 
and if it were important to obtain it in the same direction, it 
would be necessary to turn the registering drum, so as to plaoe 
the membrane downwards.* 

With two instruments of tliis kind, one acted upon by the 

* As many instrnmi^nta uf tbis kiod sra required is there are move- 
ments to be Btudieil. But three coDDected levers nill olwaya be iliffiDient 
to ucntain the movprnents of a poiut in space, «ncs ench of the poll- 
tions of this point is dfhned when it has been determined wilb referonm 
to thiM kxea It right an;{lsa to saoh uthsr. 
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vertical trattions of a thread attached to the wing of the 
ami the other bj the horizontal tractile force of & second 
thread aleo fastened to its wing, we can verify the exiieriment 
which has furnished us with the trajectory of this organ, and 
obtain with muuh (greater accuracy the curre illustrating its 
inovemeats. Tliis we have perfiiclly aucoeoded iu doing, as 
we Bhall show furthor on. 

llut tliia is nut all that we wished to obtain. We might 
have made the bird carry tlie apparatus which we have ju«t 
described, aud j)ut it in uommunication with tlie registers by 
means of tubes, as in the experiment represeuted in fig. 99 
But while seeking to render the analogies of the movements 
of flight perfect, we wished also to discover a plan which 
would he equally applicable to tlie living hirJ, and to every 
kind of macliiue intended to represeut artifiiiully aerial looo- 
mulion. 

In this project we must endeavour to copy Nature in her 
functions, as tlie artist does in her form. We must give more 
rapidity to movements which are too slow, and render those 
slower which are too rapid, until they have absolutely the same 
characters and the same mechauic.d elfL-cts as those of the 
bird. 

This incessant comparison requires us to plnce ourselves 
under new conditions, llitliertn, our analytical studies have 
been directed to a bird flying at liberty ; for since we hare 
never been able to imitate flight exictly by mechanical 
methods, it would be impossible to louve an srtiflcial instru- 
ment to itself; it would be broken at each experiment. 

Hie oomparison of the movements of the bii-d with those 
of imitative instruments does not require ihese movements t5 
be efleoted under the conditions of free flight. Provided that 
the bird, although restmined in its mi>vcnients, should fliip 
its wings with the intention of flviiig, we shall be able to 
study these muscular actions with rol'ereuce to llieir oharacterM 
of force, extent, and duration. A bird suspended by a cord 
aud allowed to flap its wings miglit. fur example, be com- 
pared with an artificial apparatus suspended iu the same 
manner- 

We have fried a less imperfect mode of suspensioa wludt 
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allows the bird to flj under cnnditions almost normal, and 
at the game time will permit the arti&oial mstrumeats to make 
attempts at flight, without any fear of lettiog them fall, if 
the movements which they produce should bo insufficient to 
sustain them in the air. We will now describe this suspea- 
sory apparntus. 

There is a sort of frjime-work of sis or seven metres in 
diameter, in n'hich the bird tnuves continuously, being tlius 
able to furuish ui with an observatiim of a circular flight of 
long duration. We give the instrument a large radius, that 
its curve, being less alirupt, should modify less the nature of 
the movement wjiich the bird may make. Harnessed to some 
extent to the estremity of a long arm which turns on a central 
pivot, the bird ought to be as free as pnasilile to go through 
ila movements of vertical OBcilUtion. We shall presently see 
that a bird passes through a double osciUatory movement lu 
a vertical plane for each revolulion of its wings. 

ArrangtmmU oj the/rame. — 'I'iie conditions to be fulfilled are 
the following : in the first place, a great mobility of the 
instrument, tliat the bird may have the least possible resist- 
ance to overcome in its flight ; then, a perfect rigidity of the 
arm of the machine, to prevent any vibratioiu peculiar to 
itself, which might render unnatural the movements executed 
by the bird. 

Fig. 103 shows the general arrangement of the apparatus. 
A steel pivot, resting on a solidly-cast socket of great weight, 
is planed on the ]ilutform of a photographic table. This table 
is raised by means of rack-work, so that tlie operator, after 
having arranged his apparatus so as to suit the experiment, 
may place the platform sufficiently high for the instrument to 
turn freely above his head. 

Tlie frame-work, properly so called, is a bow formed of a 
long piece of fir-wood slightly curved. The string of this 
how is an iron wire, which is fixed by the middle to a cage 
of wood traversed by the central pivot. Care is taken to 
b&Ianoe the two ends of the apparatus, by gradually adding 
weights to the arm not carrying the bird wliioh is the subject 
of the experiment. 

If we did not take this precaution, the apparatus, as it 
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tnnia, would give UteraJ moTements to tlte pivot on whioh il 
Tests, and to the base itself. 

To fiimith the bird with a solid point of suspeoBion, pro- 
tected not only &oin vertical oscillations, but from moTB> 
ments of toraion, we have placed at each end of the iustrument 
a cross piece of wood, to the two estremities of whicli aro 
ftttacbed cords communicating with the ceiling of iho room. 
At this point is & revolving hook, whidi turns freely with the 

0/ tlu apparatus irhirh lutpenJi tht bird. — Fig. 104 shows 
the details of this suepensiou which binds the bird to llie arm 
of the instrument, while it confines as little as possible thfl 
liber^ of its movements. 

Of the regUUring ajiparatut. — The transmitting tubes ai* 
arranged along the arm of the instrument j thoy are fastened 
to it throughout all its length, and end in a register which 
carriee three lever-drunis tracing on the revolving cylinder. 
The instrument in its rotation wuuld cause the transmitting 
tubes to roll round its axis, if the register to which they ars 
directed did not participate in the general rotation. 

We see in fig. 103 how this apparatus is arranged. The 
cylinder is placed vertically above tlie axis of the instrument ; 
the three levers trace upon it. The whole apparatus rests 
on a tablet, which turns on the central pivot. We have here 
well-known arrangements, in which several movements are 
registered at the samo time on the cylinder ; it will, there- 
fore, be useless to repeat the precautions which are to bo 
taken in the management of the apparatus, euch as the exact 
superposition of the tracing points, &o. 

The movements of the wing are extremely rapid ; they can 
be registered only on a cylinder turning with great velocity; 
that which is employed in this experiment makes one revolu- 
tion in a second and a half. The shortness of the time at 
our disposal to trace the movements of the bird compel us to 
do BO only at the precise moment when the phenomena whiob 
we wish to observe are presented, whether il be the swiftest 
flight, the gradual slackening of its speed, or the efforts 
made at starting. If the three levers were to rub constantly 
on thn cylinder, we should soon have nothing but a oonJ\ued 
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■crawl. It is indispenaably neceesarf bo to arrang^e the 
. instrument that the points of the levers should touch the 
' ^linder only at the moment when we wish to register the 
phenomena, and to cense tliis contact after one, or at most 
two revolutions of the cjliuJer, in order to avoid confusion iu 
llie traciugs. 

We have recourse, for this purpose, to the arraugemeala 
already made in our experiments ujron walking. 

Fig. 103 shows the experimenter at the instant when be 
18 about to talce a tracing from the pigeon. Observing the 
flight of the bird, be seizes the moment when it becomes 
regular, and squeezes the india-rubber ball. The contact of 
the lerers is immediately produced, and the tracing is made. 
After a second and a half he ceases to press it, the spring 
nmores the levers from the cylinder, and the tracing is over. 

With a little practice it is vety easy to ascertain the dura- 
tion of the revolution of the cylinder, and to conline the 
tracing to the necessary length. 

This long descrijition was necessary, as we were anxious 
to make this appurntus understood, it being the most im- 
portant of all, on aCL-ount of its double function. We slinll 
hare to employ it, not only in the analytical, but also in the 
synthetical part of these studies, when we shall attempt to 
represent the movements in the bird's flight. 

JV«w deterrninalion of the trajtcUiry of a bird't vinij. — A 
pigeon was made use of in this experiment. It whs a male 
bird of the variety called the Human pigeon, very vigorous, 
and accustomed to fly,» Fig. 104 shows the arrangement of 
the apparatus which we have used fur the purpose of study- 
ing its movements. 

It is mure especially to the humerus that we have directed 
our attention, in order to obtain the movements of the wing in 
space. For this purpose a wire is twisted round the bona, 
holding it as in a ring, and furnishing by its free ends a firm 
point of attachment outside the wing for other wires which 
act on the exi>erimental drums. 

* This lattsr poiut is of great imiwrtatu*, ^or the ursnter part of the 
birda in a dove-cot are of uo uia tn ua, on accouut of their ineiperienee in 
Sight. 
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The moremento of the two wings being perfectly Bymm 
trical in regular flight, we cause two wires, which pass eym- 
metricaUy from the winga, to oonverge to each of the experi- 
mental drums. Thus, drum Na. 1, inleDded to give signals 
of the elevation and depreeaion of tlie wing, receives two 
wires, each of which proceeds from one of the humema bones 
of the pigeon, at about 3 centimetres outside the articulatinn 
of the shouldtT. These wires rise and converge, and are 
attached to the point of the lever No. 1 ; while from the 
same point proceeds an india-rubber thread,* which serves as 
ft counter-spring, and rises vertically to a hook above, which 
holds it. 

We have before seen (fig. 1 02) how the lever of the 
experimental drum receives, under these conditions, all the 
movements of elevation and depression executed hj tlie 
humeruB of tlie bird. 

Two otijer wires, each attached to tlie humerus of tKe 
pigeon on each wing, and starting from the same point of the 
bone to which were fastened the wires of drum No, 1, con- 
verge also, turning backwards, and proceed to the lever of 
drum No. 2. This is the drum whicli receives the movements 
executed by the wing in the an tero- posterior direction. Tlie 
two drums send their signals by air tubes to the ri^gister 
situated in the centre of tbe apparatus. 

Experiment. — After having ascertained that tbe two levers 
intended to trace bave their points situated on tbe same 
vertical, the pigeon is allowed to fly. The bird goes through 
the movements of flight, and soon carries round with con- 
siderable rapidity the instrument to which it is attached. 
The operator, placed in the centre of the apparatus, has only 
to follow for a few paces the rotation of the instrument. 
During this time he holds in his liand the india-rubber ball, 
and has only to compress it, in order that the two levers may 
rest with their points against the blackened paper, and that 
tbe tracing may commence. Aa soon as the flight is well 
Gstabliehed, and seems to be carried on under satisfactoiy - 

* In fig. 104 » apir spring baa been lubstituted for tlia iudid-n 
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the tracing 



eon d it ions, he compresses the ball, and prodi 
represented in fig. 105. 



i 




luUrpretation of the tracivgn. — The curves are read from left 
vto right, like ordinary writing. The upper curve ia that 
^described by the humerus of a bird in ita movements for- 
wards and backwards; the direction of these movements is 
indicated by the letters A and P, which signify that all the 
'tops of the curves, as well as that at A, correspond with the 
■time when the wing has reached the most forward part of its 
•onitrse ; the lower parts of the curves, on the contrary, indicate, 
,as well as tiiat at the point F, the moment when the wing 
'las reached the liinder part of its movement. 

The horizontal line which cuts this curve has been traced 
n a previous experiment by the point of the lever at the 
instant when the wings of the bird, kept motionleas by a 
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aseislant, may l)e considered as horiziiDtally est«nd<^, lending 
neither forwards nor backwards. This line representa, there- 
fore, to some extent, the zero of the scale of the movements 
of the wing in il» aniero-poBterior direction. The inspeclion 
of the curve shows us also, that the pigeon's wing was carried 
more especially in the direction of the upper parts, similar lo 
tlie point A : in other terms, that tlie forward preilomiuated 
r the batkivard ri 




— Supflrpoaitlon of tha procoding ciiitm 



The same explanations would apply to the lower ctirve 
H P, wliich expresses the movements of the wing upwards 
and downwards. 

In order to ascertain if the course of the pigeon'a wing in 
the pt«aent experiment is apparently the same as that of the 
buzzard recorded before, we have constructed the complete 
curve of the wing during one of its revolutions, making u^e 
for this purpose of the two partial curves of fig. 1 05. 

The following is the method employed in this oonatniction : 

In order to give more facility to the meoBuremODt of the 
positions of the different points of these curves, we have 
copied them both on a paper graduated in ceutimetree aDd 
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nilliinetreB. We have traced in full line one of these curves, 

that of the moTements in the antero-pofiterior direction, the 

course of which is iudicated bj the letters A and P; then we 

Lave represented, by a dotted line, tlie curve of the upward 

and downward motions with the letters II and B. _ We have 

placed these two tracings over each otlier, so as to make the 

zero-lines of each coincide. W'e have alHO taken care to 

preserve the vertical snperpoBition of the correBponding points 

of each of lliese curves ; we jnay therefore be certain that, 

wherever any vertical line cuts the two curves, the inter- 

1 aectioDB correepond with the position which the humerus of 

[ the bird occupies, at that instant, with reference to two planes 

h Bt tight angles to each other. The intersection with the dotted 

L line will express, by the length of the ordinate drawn from 

rthis point to the axis of the abscistte, the position which the 

wing then occupies witli reference to an horizontal plane ; tlie 

j- intersection with the full line nill express the position of the 

I wing as referred to a vertical plane. 

This deterijiiuation is realised in fig. 107 for the trajectory 
r of the wing, which has been constructed by successive points 
[ in the following n 
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Let there be two lines, x x, farming the 
aWiisate, and y y that of the ordinatee. Let ua assume, tl 
all which is alxive the line of xerot, in the full curve — that 
to sa}', that which corrRDponds with a mofetnent in a forwi 
direation, ought to point to the right of the line y y. 
versely, that all wliicti is below the zeroa, in the full curve, 
vfiW point to the left of the niia of y y, The position with 
reference to this axis will he reckoned, parallel to it, by 
ms'ins of miUimetric divisions. 

On the other hand, the dilferent meaaurementa taken on 
the dotted curve (lliat which expresses the upward motion of 
the wing) must point to the corresponding elevation, reckoned 
above or below the line x x, accordiug as these points i: 
curve of the elevations are removed a certain number 
millimetres eithur above or below the zero line. 

Let US talte as our point of departure, in the constructit 
of the new curve, the point e (fig. 107). chosen on the dott 
line, at one of tlie times when the wing has arrived at 
its anterior limits. 

This point, according to the milUmetric scale, shows ua 
that the wing is depressed 13 divisions beneath the horizontal 
line. Let us follow the vertical line which passes through 
the point e, till it meets with the curve of movement in the 
antero-posterior direction : the intersection of this vertical 
line with the curve shows us that the wing at this moment 
liad been earrieJ forward 26 divisions; on 
therefore, the point a ought to be marked at a well-ascertaim 
position c, which will be found at the intersection of the tbii 
teeuth division below the asis x x, with the twenty-sixth to 
right of the axis y y, which according to what we liave as- 
sumed, corresponds with 26 divisioos in the forward direclion. 

To determine a second point in our curve, let us proceetl, 
in reading the trainings, one millimetrio division farther to,, 
the right; we shall fiud, as before, the interseotion of th^ 
vertical at this point with the two curves, and wo shall tUi 
have a second point in the new construction determined. 

The series of successive points obtained in this maD[iei>' 
form a curve which shows the course of the wing, the arrov 
indicates the direction of the movemeut. 
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B7 constructiag thus the whole figure, we see that this 
curve, alter proceeding downwards and forwards, rises and 
returns back again. 

By comparing this figure wilh that which we have obtained 
hj means of another apparatus (fig 100), on another kind of 
bird, and by esamtning tiie nt^Tement of another part of the 
wing, we shall find strikini; reEemblances between the two 
curves, whith show tli^ii hliils proceed in their flight by 
movementa which are bIiikibL identical. In fact, the bone of 
the wing in each dencril-ies a kind of irregular ellipse, with 
its greater axis inclintKl downward and forwtif^. llie im- 
portance of this determi nation is so great, that we trust we 
shall be pardoned for the long and minute details of the 
exfierimenls which have furnished tlicse results. 

OF THE CHANOEB IM THE PLANE OF TUB WIMO. 

We have seen in Chapter I. that the wing of the insect is 
suhjpct to toreiona under the influence of the resistance of the 
■ir, and that the inclination of the plane of its wing is 
changed at every moment. Tliese movements, which are 
«utire)y passive, constitute tlie essence of the mechanism of the 
insect's flight ; the wing, in each of its alternate movements, 
acts on the resistance of the air, and gains from it a force 
which is exorti'd on the membrane by the side of the main- 
rih, thus serving to suetiiin the insect and propel it forward. 
The structure of the bird's wing does not allow the existence 
of a similar mechanism. Its wing during its ascent does not 
present to the air a resisting plane, because the feathers whii'h 
fi>ld over each other would open to allow it to pass through. 
The depr< asion of the wing is therefore the only phase in tlie 
flight of the bird which has any analogy with that of the 
insect. Besides, the curve described by the point of the bird's 
wing is sufficiently different from that of the insect, to prove 
that their mechanical conditions are very dissimilar. 

It was indispensable to determine by experiment the dif< 
ferent inclinations of the plane of the bird's wing at each 
phase of its revolutions. In fsct, to estimate the resistance 
which the air presents at each moment of the flight, we must 
know tlie two elements of this resistance : first, the angle 
24 
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under whicli the plane of the ning Btrikes the air, and 
seoondly, the velocity with which it is lowered. Nothing is 
more easy than to obtain the second data of the problem ; 
we can reduce them from the curve which represents the 
position of the wing at each instant, a curve of which we 
have an example in fig. i 08, aa obtained from a pigeon. But 
the difficulty which presents itself, is to obtain the indication 
of the changes which take place in the plane of the wing 
diirintr flight. For this purpose we have had reoourse to the 
following mechanism. 

We have seen. In fig. 99, that a rod connected with a 
Cardan universal joint, whose centre of rotation is neat the 
scapulo-humeral articulation, can be made to represent nc- 
cnrately the circular movements of the wing. But Cardan's 
joint, though it obeys the rotary motions of every kind which 
are given to the rod, does not allow any movoiueuta of turaion 
with reference to the axis of this rod. 



fel 6^Tfl of the kp w4tLU 



Let fig. 108 be a kind of apparatus of tliia sort: we can 
give the rod 1 1 every kind of motion in the vertical or hori- 
zontal direction; it wilt follow all the impulses which it 
receives. But if we take hold of the extremity nf the rod, 
near the lever t which is perpendicular to it, and tiy to give 
the lever a movement of torsion, as if we were turning a screw, 
the Cardan does not allow this movement to be made, and the 
rod resists the impulse brought to bear upon it. Let us 
suppose that behind the Cardan joint, and on the prolonga- 
tion of the rod ( t, there is another cylindrical rod, p, tuniin|f 
in a tube ; this rod will turn under the iufiuence of the torsion 
exercised by the hand holding the lever t, and if the rod p 
carries a lever t', at right angles to it, and situated in the 




CHA1T0E8 m THE PLANE OP THE BIRD B WING. 

■ame plane aa t, we shall see that these levers oorreepond 
vith each other, and that every change of plane undergone by 
tlie first will be bananiitted to the at^cond. 

Under these conditions, if we cauae the lever { to signal the 
changes of plane which the wing uadergoes in the various 
[ibaaee of its revolution, these changes will be communicated 
to the lever I', which can in its turn act on an experimental 
apparatus, and transmit the signal und^r the form of a 
traciDg. Thia is precisely tiie method which we have em* 
ployed in our experimenta. Tlie lever I was placed upon the 
wing of the bird, and was held in a horizontal position. 
The lever I', also horizontal, whs fastened by a wire to the 
lever of an eiperimeutal drum plnt-ed above it, and arranged 
in the same manner as in the experiinenta described in tlie 
former chapter. 

When we caused the plane of the wing to oscillate, ao as 
to turn its upper surface more or less bach wards, the registered 
curve was depressed ; it rose, on the contrary, wheji we turned 
the wing so as to carry ire upper surfuce forwards, 
I Still a difficulty presented itself. It was not possible to fix 
I the lever I at one point of the rod t t ; and, at the same time, 
to render it immovable at a single point in the bird's wing. 
Id fact, the Cardan joint, not having the same centre of motion 
M the articulation of the wing, it followed that in the vertical 
movements the rod slipped upon the wing. It was riecessory, 
therefore, for the lever I, while fixed to the feathers of the 
bird, to glide &eely on the rod in the direction of its length, 
and yet that it should cause it to receive, under the form of 
torsion, all the changes of inclination that are transmitted to 
it by the wings of the bird. We see in fig. 109 how thb 
i«ult has been obtained. 

Let 1 1 be the rod which is to follow all the circular mov»- 
menta executed by the bird. This rod haa in it deep 
longitudinal grooves, which give its section the appearance uf 
• star; it glides freely in a tube which is applied to its 
external surface. But at one of the extremities of the tube is 
ametallio sliding casting, the interior part of which is grooved 
like a star, through which passes the rod whose grooves elide 
in thoae of the star-shaped opening. Then the lever 1 ia 
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soldered (o tliis tube, and is able to move witli it to any p _ 
along the rod, thun allotriiig full libertj to the moTemeDts of 
flight, wliile no change of plane can be effected without com- 
municating a movenient of tomon to the rod. 

After some experiments, it b*'came necessary to make im- 
provements in this apparatus. Thus, the lever I hada tendency 
to get twisted on account of the displacement of the feathers 
during flight; it was replaced (fig. 109) by a piece with three 




movable levers, bib, turning in the Bame plane round a 
common centre, like the blades of a fan. Each of these little 
branches terminated in a hook. After having attached the 
sliding tube to the /aUii wing of the bird, the estremity of 
each of these three blades was tied to one of the long feathers 
of the wing. This ligature, made with india-rubber, gave 
excellent results. 

The lever ( (fig. 1 00) was also defective on account of its 
unequal action. In its stead was substituted a pulley of short 
radius, placed on the rod prolonged behind the Cardan joint. 
The thin cord rr, which was to transmit tJie torsions of the rod, 
passed round the wheel of this pulley. In this manner the 
rotation of the pulley, resulting from the torsion of the rod, 
always faithfully transmitted this torsion lo the exoerimental 

To put an end to this long description of the instrument 
intended to transmit the signals of the elevation and depression 
of the wing, let us only say that the piece situated at the base 
of tho lever t f is intended to transmit the vertical and 
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horizontal movements by two ^stems of cordo. For the 
vertical ones, a cord r goes to the lerer of the experimental 
drum. The cord A transmits to another apparatus the 
tnorementa in the horizontal, that is, in the outero- posterior 
direction. 

Experiment.— A buzzard to which this apparatus has been 
adapted is harnessed to the instrument and allowed to fly : we 
obtain at the same time the three curree represented in 
&g. 110. With these tliree data, we can construct, not only the 
trajectory of the wing, but the eeriea of inclinations of its plane 
at the different points of its course. 

The curve traced with a full line CDrresponds with the 
movements of the wing in an antero-postoriot direction. The 
point A, and those homologous with it, correspond with the 
extreme anterior position of the wing ; the point F with the 
extreme posterior position. The curve formed of interrupted 
etrokea indicatos the relative height of the wing in space ; the 
point H corresponds with the maximum elevation of the wing, 
and the point B with its greatest depression. 

These two first curves enable us to construct, by means of 
points, the closed ourve* (fig. Ill) representing the trajectory 
of the buzzard's wing. It is by this trajectory that we shall 
determine the inclination of the plane of the wing at every 
port of its elliptical course. 

For this purpose, we must return {fig. 110) to the dotted 
curve S, which is the expresaion of the torsions of the wiugat 
different instants. The positive and negative ordinatesof this 
curve oorreBpond with the trigonometoical tangents of the 
angles^ which the wing mokes with the axis erf the body.J 

* This cum is not slirayi closed ; tbia U the eu« only vfaen the flight 
b eilremely regular. 

t We mnat labtract algebnieollf from ths uigle foand, ■ oonatant 
qnsntitj, the uigle of 30° which tha wing dudag repoee, makei wiLh ths 
horiioD. 

t We cannot positively affinn that thin uii b horilonUl ; it leema 
nther that it U inclined ao that the beak of the bird turns slightly 
vpwarda. Tbia inclinatioD of the ude would neceantate ■ oomctiaa in 
the abaoluta indiiiBtioQS nf the wbg at the dtflerent poinU of its 
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The directicm of the moTemeut of the wing ia read &oin above ■ 
and fortrard, from H to At. ^^m 

an inclined position which allows it to cut the air bo as to ^^M 
meet with the minimum of reaietani'e ; while in ita descent, ^^M 
on the contrarj', the position of its plane is reversed, so that ^^M 
iiB lower surface turns downwarda and slightly hackwarda. ^H 
It lollotrs, that in ita period of dpprettaion, the wing, hy its ^^M 
obliquity, acts upon the reaiatance of the air, and while raising ^^H 
the body of the bird, carries it forward. We see, also, that ^H 
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be expl&ined hj the reaiBtBiice of the air. The muacula] 
oppBTatus of the bird, like that of the inBect. haa nothing 
do nith the course of the wing ; elevation and depression a 
klmost all the movetnent^ that it can produce. But t 
reaietance of the air during the phase of descent gives 
the anterior convexity of the curve passed through, by 
of a mechanism which we already understand. The po 
convexity which belongs to the ancensional phase i 
explained by the action of the air on the lower surface of thB 
wing, which it carries bacl^ward at the same lime as it raises 
it. We must seek for the demonstration of this theory in ths 
artificial representation of these different movements. 



CHAPTER VI. 



Eenctiom of the raoTemBiils of the wing— Vertical re-iotinns in diffei 
specie* ; horiiontal re-actions or chioges in the rapidity of flight ; 
Bimultaneous Btndy of the two orders of to- actions— Theoi; of tha 
Sight of the b[rd — Faaaive and active parts of the «itig—Beprodn> 
tion of the mechaniiim of the flight of the bird. 

Iir order that we may follow, in studying the flight of tha 
bird, the same plan which has guided our researches on the 
other kinds of locomotion, we must determine what are the 
reactionary effects of each of the movements of the wing on 
the body of the animal. 

Two distinct effects are produced during flight : by one, the 
bird is sustained in opposition to its weight ; by the other, it 
is subjected to a propulsive force which carries it from one 
place to another. But do we Snd that the bird, when sus- 
tained in the air, keeps at a constant level, or does it pan 
through oscillations in the vertical plane ? Doee it not 
experience, by the intermittent effect of the flapping of its 
wings, rising und falliog motions, of which the eye can detect 
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neither the frequencynor the extent ? Again, does not the tird 
BdvBnoe in its ann&rd course with variable rapidity ? Shall 
we not find in the action of ita wingB a Beriee of impulses, 
which give to its advancing course a jerking motion ? 

These queries can be ai^awered experimentally in the follow- 
ing manner. 

Since we have at our dispoenl the means of sending the 
signals of movements lo a distance, and recording them by 
tracings, when these moveinenta are made to produce a pres- 
aiire on the membrane of a drum filled with air. we must 
endeavour to reduce to a pressure of this kind the movements 
wliich we desire to study. 

The oBoillations which can be effected by the bird in a hori- 
zontal plane must be made to exert on the membrane of the 
drum pressures alternately strong or feeble, in proportion as the 
bird mounts or descends. The same hind of experiment must 
be made on the variations in its horizontal rapidity. 

The question has been already solved for the vertical 
re-actions, by means of the apparatus represented in fig. 28, 
when we were treating of terrestrial locomotion i a slight 
modification will allow us to employ tlie same method to 
BBCertain whether vertical oscillations are produced during 
flight. 




TerttcAl oociUiitlojia 



Fig. 112 shows the arrangement that we have adopted. 
The mass of lead is applied directly to the membrane ; some 
wire-work protects the upper surface of the apparatus from 
the &totioa of the featliers of the bird, wiiich, without this 
precautioD, might sometimes alfect the form of the tracing. 
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After banng oooTuiced oorselvea that the appEtratus trans- 
mits faithfully the moTements which ar« Dommuoicated to it, 
we connect it with the refpBterin^ instrumeat hy means of a 
long tube, and place it on the bitck of a bird, wiiich is then 
allowed to fly. Experiments mode on many different species, 
pigeons, wild ducks, buzzards, moor-buzzards, screeoh owls, 
hnve shown that there are very varied types of fliglit with 
respect to the intensity of the oecilldtioos in the vertical 

pi™.. 

Fig. 113 shows the tracings Aimiahed by different species 
of birds. All theee tracings, collected on a cylinder revolTing 
with a constant rapidity, and referred to a chronographio 
tuning-fork vibrating 60 times in a second, enable UB to 
ast'ertnin the absolute and relative duration of the oscillations 
during the flight of difiereut species of birds. 

We find from this figure, that the frequency and amplitude 
of the vertical oscillulions vary much acconling to the species 
of the bird. In order to ascertain the cause of euth of these 
tnovementa with greater accuracy, let ns register at the same 
time the vertical oscillations of the bird, and the action of the 
muscles of the wing. If we moke this double esperimeut on 
two birds which difler much in their manner of flight, such 
BB the wild duck and the buzzard, we obtaui ihe truciugs 
represented in fig. 114. 

The duck (upper line) presents at each elevntion of its 
wing two energetic oscillutious ; that at b, at the moment wlien 
the wing is lowered, is eiisy to be understood, as well as tliat 
at a, at the moment thut the wing begins to rise again. To 
explain tlie ascent of the bird during the time of the elevation 
of the wing, it seems iuilispen sable to refer to the effect of 
the child's kite, to which we have before alluded. The bird 
having acquired a certain velocity, presents its wings to the 
air as inclined planes; an effect is immediately produced, 
similar to the ascent of the hovering apparatus which trnns- 
form their acquired velocity into ascensional force. 'I'lie 
fiight of the buzzard shows also, but in a leas degree, the 
Kscent which accompanies the upward movement of the 
wing. 

DeUrmination o/ variationi in the rapiiiily of flight ^'I'he 
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second question which we have to Bolre relates to the c 
mination of the variouB phases in tlie rapidity of flight. It 
may receive its solution by the employment of the same 
method. IF the drum, loaded with a piece of lead, be placed 
oD the back of the bird so as to present its membrane in a 
vertical plane — -that is, at right angles to the direction of flight, 




the apparatus would be insensihle to vertical oscillations, tmil" 
would only give the signal of tliose which are made baci 
and forwards. Let lis turn the membrane of the dri 
front; it is evident that if ihe bird qnJckfDS its speed, the 
retarding influence of tlie inertia of the mass of lead " 
produce a. pressure on the membrane of the drum; th 
will bo couipressed, and the registering lever will rise; i 
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tbe Blackening of the bird's epeed will cause a descent of the 
lever by an inverse action. 

Experimenta tried upon the species of birds before njen- 
lioned, have fumLihed us with tracings analogous with those 
of the vertical oscillationfl. 

If it be true, aa we have supposed, that ttie verticnl 
oscillation of the bird, at the momeot of the ascent of the 
wing, ia due to the transformation of speed into elevation, 
TO shall have the means of Tferifpng this supposilion, bj 
eoltectiDg simultaneouely the tracings of the vertical osoUIh- 
'tions and those of the variations of rapidity. 

Thus, by registering at the same time the two orders of 
iwcillatioa in the flight of a buzzard, ve find that the phase 
of depression of the wing produces at the same time the 
elevatioa of the bird and the acceleration of its horieontnl 
BWifineaa. Tliis effect is the natural consequence of the 
inclination of the plane of the wing at the moment of it« 
descent; this we already know from having obtained it in the 
flight of the insect. As to the elevation of the wiog, it ia 
Libund that during the slight ascent which accompanies it, the 
BwiRnesB of the bird diminishes. In fact, the curve of the 
TBriations of rapidity is depressed at the moment wbi3n the 
bird rises. This is, therefore, a confirmation of the theory 
vhich we have ptopoimded concerning the traaaformation of 
the horizontal rapidity of the bird into asoensional force. 
Thus by this mechanism, the stroke of the descending wing 
produces the force which will cause the two oscillations of the 
bird in the vertical plane. It produces directly the ascent 
■which is synchronous with it, and indirectly prepares the 
second vertical oscillation of the bird by creating rapidity. 

Simtdtaneout tracing of tht tuo ordert of the oieillationi of thi 
bird. — Instead of representing separately the two kinds of 
oscillation executed by the bird as it flies, it is more instruc- 
tive to seek to obtain a single curve representing together the 
movements mhich the body of the bird makes aa it advances 
in apace. 

The method which we have employed to obtain the move- 
ments of the point of the wing may, with certain modilioa- 
dons, furnish the eimultaneoaa tracing of the tvQ ordera o^ 
20 " 
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movement which we wish to investigate. For this purpose, tlw 
two drums combined rectangularlj' muAt be conaected with the 
same inert mass. 

Let ua refer to fig. 97 (p. 237), where we see the two 
levers connected together and commutiicatiQg with e&t^ other 
by tubes, which transmit to one all the movements executed 
by the other. When we give the first lever any kind of 
movement, we see it reproduced by the second lever in the 
same direction. 

Now, let each of tliese levers be loaded with a piece of lead, 
and taking in our hand the Eup|)ort of the apparntua, let ua 
cause it to describe any kind of movement in a plane perpen- 
dicular to the direction of the lever. We shall see that the 
lever No. 2 executes movements of exactly an opposite kind. 
In fact, since the motive force which acts on the membrane of 
the drums is nothing more than the inertia of the mass of 
lead, and the movements of this mass are always later than 
those given to the apparatus, it is clear that if we raise 
the whole system, the mass will keep the lever down, while 
if we lower the instrument the mass will retain the lever 
above; that if we carry it forward, the inertia will keep the 
lever back, &c. Therefore, the lever No, 2, only going 
through the eame movements as No. 1, will give curves which 
will be absolutely opposed to the movement which has been 
1,'iven to the stand of the apparatus. This being assumed, let 
UB pass to the experiment; for this, let us employ the 
apparatus represented in fig. 99 on the back of the iiuzzard 
as it Hies ; let ns remove the rod which received the movements 
of the wing, as well as the parallelogram which transmitted 
them to the lever ; we will only retain the lever fastened to 
the two drums, and the contrivance which fixes the whole 
instrument on the back of the buzzard ; lastly, let us adapt s 
piece of lead to this lever, and let the bird fly. The tracing 
procured is represented in fig. 115. The analysis of this 
curve is at first eight extremely difficult; we hope, however, 
to succeed in showing its signification. 

Analysis of the curve illuitrating the oscillations of the bird. — 
This curve ia described on the cylinder in the same manner aa 
in fig. 100, which shows the diiferent movements of the point 
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two veitical oscillations of the bird, the greater and I 

lesa, must thuB be represented by two curves, of vhioh-l 

the summit will be placed dowawords. It is easy to reeognia* I 

their exietosc« in the large curve, a b c, and the smallei 

c d 9. The bird was, therefore, rising irom a U> b, descending^ 

from 6 to c ; it rose again from e to d, and descended froni 

dtot. 

But these two oscillations encroach on each other, wliiob 
produces the loop c d ; the oBciilatiou e de partly covers the 
first by turning towards the head of the bird. Since the 
indications of the curve are in a direction contrary to the real 
motion, this is a proof that the bird, at this moment, was 
either carried backwards, or at least slackened the rapidity of 
its flight. 

This figure, therefore, recalb all that the former espenmenta 
have taught ua concerning the movements of the bird in 
space. We see from them, that at each revolution of its wing 
it rises twice, followed by two descents; that these oscillations 
are uncquul: the larger one, as we know, corresponds with the 
lowering of the wing, the smaller one with its elevation. We 
■ee, also, that the ascent of ihe bird, while the wing is rising;, 
ia accompanied by Ihe slackening of its speed, which justifies 
the theory that this r«-a3cent is made at the expense of the 
velocity acquired by the bird. 

But this is not all : fig. 115 shows us, also, that the move- 
ments of the bird are not the same at the commencement a» 
at the end of its flight. We have already seen (figs. 95 and ■ 
100) that the strokes of the wing at its departure are mor» 1 
extended ; we see here that the oscillations produced at ita 
departure by the descent of the wing (shown at the left hand 
of the figure) are also more e^ctended. But theory enables ua 
to foresee that the oscillation of the ascent of the wing, being 
produced by the velocity of the bird, must be very feeble at _ 
the commencement of its flight, when the bird hoe, as yet, h 
little rapidity. I'his figure shows us that this is actually t] 
case, and tliat at the beginning of the flight, the i 
oscillation of the wing (that which furnxs the loop) ia btl^ 
alight. 

We are now, therefore, in posseealon of the principt 



THEORY OF FLIGHT. 



278 



notions on wliicli may be estalilUlied the mi ohduicul lliejry of 

fligiit. 

From all these experiments we may deduce tliat it is 
during the descent of the wiug that the bird acquires iill Ihe 
motive force whiiJi susttiins and directs it in siiace. 

Theory of Ihe JCght of the bird. — On this subject, as ijO 
aliQoet all those tliut belong to tills discussion, nearly every- 
thing has been already said i so that we must not expect to 
find an entirely new theory arise from the eicpRriments which 
have been described. In Ihe works of Borelli we find tho 
first correct idea of the mechunisni of flight. The wing, 
suys this writer, acts on the air like a wedge. Developing; 
etill farther the thought of the learned Neapolitan physiologist, 
we should now suy that the wing of the bird acts on the air 
after the manner of an inclined jilane, in order to produce a 
re-action against this resistanne which impels the body of the 
bird upward and forward. This theory, confirmed by Strauss- 
Durkheim, has been completed by Liaia, who noticed the 
double action of the wing; first, that which in the phase of 
depression of this organ, raises the bird and gives it an im- 
pulse in a forward direction ; then, the action of the ascending 

ing, which is guided in the same manner as a boy's kite, 
and sustains the body of the bird until the following strtio 
of the wing. 

We have been reproached for relying en a theory which 
had its origin more than two centuries ago ; we much prefer 
an old truth to the most modern error ; therefore we must be 
allowed to render to the genius of Borelli the justice which 
is due to him, and only claim for ourselves the merit of having 
furniahed the experimental demonstration of a truth already 
suspected. 

But the theories wliich had been propounded up to the 
preseut time neglected many imporlant parts whicli eiperl- 
meota reveal, end which we are about to endeavour to bring 
cleariy forward. 

llius, the manner in which the chnnge in the plane of th« 
wing is ell'ected in every part of the flight was necessary to 
bo known. In order to explain the re-actions whiiit tend 
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altrayB to eustain the body of tbo bin], eomt^litnea by acci 
ating the rapidity of its flight, BOmetimes by elockeiiiiig It.* 
Fig. Ill shows thia change of plane. 

Ab to the re-actioDS to which the body of the bird is sub- 
jected, experiment baa clearly demonstrated them ; it has 
iiirnislied us with the means of estimatinf!: their absolute force. 
We have seen that these re-actions dJlTer according to the 
epecies of bird which is observed. TJiey are powerful and 
Budden iu birds which hare a sraall surface of wing ; longeF. 
and more gentle in birds formed for hovering; the re-acti' 
of the period of ttie rt^-ascent of the wing disappears almt 
eiitirely in the latter kind. 

If we could compare terrestrial locomotion with the flight 
of birds, and assimilate alteruate with simultaneous move- 
ments, we might find certain analogiea between the walk 
of man and the flight of the bird. In both, the body is 
urged forward by au intermittent impulse; man, like the 
bird, raises himitelf by borrowing the necessary tcorft from 
the dynamic energy which be has actjuired by his museular 
efforts- 

Aa to the estimation of the work expended in flight, 
must, before we can undertake it, have a perfect knowledgn 
of the resistance which the air presents to surfaces of 
form, inclined at diifereut angles, and possessing varied vi 
cities. We only know as yet the movomenla of the win| 
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* We onglit In beg ths render to mmBrk tlwt the inelitntions rvptf- 
tented in fig. Ill are rcrerreJ to a litis which probably ifl not horiiooul 
during night. In fact, this liue doea not corresiioiid with the ucis of ihn 
body of the biiil, fur it was Euspended in the spparatoa bj n corset ptnneil 
behind its wiu^ and thus had its centre of gravity in front of the poiut 
iif suspvimlnD, which raiiseil its boak to huig alightly down. Iu free 
light, on the contrary, the axia of Ibe bird is horiioutnl— or rather turaeil 
Kimevrhat npwiird. Reaturt'd to tliia proper position, a frcUi dircctiou 
woald be given to each of the p'laitionB of the wing (Kg. Ill], wliich 
woulJ alter ihem all bj tlie some number of degrees. Then, probably, 
we should see that tbo wing alwaya preaeiitB ita lower auiface to the air, 
aa the only one which can hnd in it a point of reaiNtsnce. Thii nippou- 
lion rninirua for itx vcrilication 3oine freatt etpcrimcnla, wbieh we hope to 
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vlik^ tbey meet with in the air has y«t to ba 
det«nii)iied. Our expenments on this subject are still beigg 
pnrsaed. ^VbeIl once we bare these two elements, the mea- 
Bure of work will be obtained from the resLHtan(<e which is 
presented to the wing b; the air at eveiy instant, multiplied 
bv the distanc« passed over. This will gire ua the measure 
of work brought to bear upon the air. 

For its horizontal sdrance the bird will be obliged onlj to 
rumish the quantity of work equivalent to the rcsistanoa 
presented b; the air in front of it, multiplied hj the distanoe 
passed through. A port of this resistance, Damelj, that 
which is applied to the lower surface of the wing, is utilised 
to sustain the bird, by the kind of aelion whieh we have com- 
pared to that of a child's kite. 

It appears that this action is of primary importance m the 
flight of the bird. In fact, among the researches on the 
resistance of the air there is one whi(;h we owe to Mobb. do 
Louvrift, which seeiuB to prove that if the wing make a very 
Broall angle with the horizon, nearly all the work obtaiued 
from the dynamic energy of the bird is emplojed to sustain 
it ; according to this writer, an angle of 6° 30' would be tlia 
most &T0urable to the utilisation of its energy. The iin* 
portant part played by the ghding of the wing upon the air 
seems also proved by the shape of that organ. The wing 
being alternately active wben it strikes the air, and passiva 
when it glides through it, is not, in oil its parts, ccjuully 
adapted to this double function. 

When a surface strikes the air, it must move with ra[>idily 
in order to find resistance. Thus the wing, turning around 
the point by which it is attached to tlie body, shows tinr<qual 
and gradually- in creasing velocity in different points acoordiug 
as they are nearer to the body, so that being almost uotliitiK' 
at the point of attachment of the wing, the velocity will be 
very great at the free end. 

Let us imagine tlie wing of an insect as lar^^ at the base 
aji at tlie extremity ; this size would be useless in the part 
nearest to the body, for the wing, at this point, hiu nut ■ulll> 
cient rapidity to strike the air with clTect. Thus we find, in 
of insects, the wing reduced to a slning 
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nervure tovards its base. The membranouB part commi 
only at the point where rapidity of moTement begins to be 
of some use, and the membrane goes on increasing in breadth 
till near the extremity of the wiug. Such is (fig. 116) the 
type of the wing easeutially active — ^that is, intended only to 
strike the air. 




-Wing 



In the bird, on the contrary, one of the phi 
movement of the wing is, to a certain extent, paesive ; that 
is to Bay, it receives the pressure of the air on its lower 8 
Cice, when the bird is projected rapidly forward by 
acquired velocity. Under these conditiona, the whole bird 
being carried forward into apace, all the parts of the v 
are moved with the same rapidity ; the regions near to 
tiody are as useful as the others to take advantage of 
I'cxinn of the air which presees on them as on a kite. 






jird ^^^ 




uid pussive pirta ol UlB Urd'i wliij;. 



Thus, the base of the wing in the bird, far &oin being 
duced, as in the insect, to a rigid but bare rib, is rery widdj' 
and furnished with /rrcr/(«r( and wing covit/s which constitute 
a large surface, under which the air presses with force, and 
in a manner very efficacious to sustain the bird. Fig. 117 
gives an idea of the arrangement of the ving of the bird, 
the same time active and passive. 

The inner part, deprived of sufficient velocity, may 
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GOD8idcii«d, while il is being lowered, bs the passive part of the 
organ, while the extemfti part, that which strike the air, is 
the active portion. 

By ito fM7 great Tehraty, the point of the wing must meet 
with more lesistance from the air than any other part of this 
organ ; whence the extreme tigidity of the large feathers of 
which it is fonned. 

The conditions of decreasing rapidity explain the flexibility 
which becomea greater and greater in the feathers of thoae 
parts of tlie wing nearer to the body, and at laat the great 
tbinnefis of those at the baae or passive part of the wing. 

Let us add that the effect of the kite must be produced at 
the base of the wing, even while the point strikes the aip, so 
that the bird, as soon as it has acquired its velocity, would 
be constantly lightened of part of its weight, oa account of 
this inclined plane. 

Ths rtproiluciion of the mfchanUm of fiight now occupies the 
minds of many experimenters, and we hesitate not to own 
that we have been sustained in this laborious analysis of the 
different acts in the flight of the bird, by the assured hope of 
being able to imitate, more or less imperfetlly, this admirable 
type of aerial locomotion. We have already met with some 
success in our attempts, which have been interrupted during 
the last two years. . 

Winged apparaliia has been seen in our laboratory, which 
when adapted to the frame-work which had held the bird, 
gave it a rather rapid rotation. But this was only a very 
imperfect imitation, which we hope shortly to improve. 
Already a young and ingenious eiperimentalist, Mons. 
Alphonse Penaud, has obtained much more satisfactory results 
in this direction. The problem of aerial locomotion, formerly 
considered a ^Utopian scheme, ia now approached in a truly 
Kuenti£c manner. 

The plan of the experiments to bo made ia all traced out : 
they will consist in continually comparing the artificial instru- 
menta of flight with the real bird, by submitting them both 
to the modes of analysis which we have described at such 
length ; the apparatus will, from time to time, be modiiiiM] 
till it is made to imitate these movements faithfully, l-'ur 
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ihifl purpose we are about to undertake a new aeries of ez« 
periments ; some new apparatus is being constructed, which 
wiU soon be finished. 

We hope that we have proved to the reader that nothing 
is impossible in the analysis of the movements connected with 
the ^ght of the bird : he will no doubt be willing to allow 
that mechanism can always reproduce a movement, the nature 
of which has been clearly defined. 
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